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Abstract

Oc* =M@A " iodog _ w¥“M adidib ja Hdi m\g Jdg \i _ B\n
information between EU Member States, the industries concernedi-gowernmental organisations promotini
environmental protection, and the Commission, to draw up, review, and where necessary, update BAT reference do
as required by Article 13(1) of the Industrial Emissions Directive (2010/75/EU). This documenblished by the
European Commission pursuant to Article 13(6) of the Directive. This BREF for the refining of mineral oil and gas
certain industrial activities specified in Section 1.2 of Annex | to Directive 2010/75/EU, namely the energy indofthies
refining of mineral oil and gas sector.

In particular, this document covers the following refineries processes and activities:

- Alkylation

- Base oil production ) Hydrogen production

. ) - Isomerisation
- Bitumen production
. . - Natural gas plants
- Catalytic cracking S
- Polymerisation

- Catalytic reforming - Primary distillation

- Cokin
Cooling - Product treatments
9 - Storage and handling of refinery mateti&a
- Desalting . . )
: ) . Visbreaking and other thermal conversions
- Conbustion of refinery fuels for energy production
. Waste gas treatment
- Etherification

- Waste water treatment

- Gas separation
P - Waste management.

- Hydrogen consuming processes

Important issues for the implementation of Directive 2010/75/EU in the refining of mineral oil and gas sector are
emissions to air of volatile manic substances, nitrogen oxides, sulphur oxides, hydrofluoric acid, ammonia, c
monoxide, dioxins and furans, and dust; emissions to water of oils, benzene, suspended solids, COD, nitrogen, met
cadmium, nickel, mercury); energy efficiengnd the prevention of emissions to soil and groundwater. The BI
document contains seven chapters. Chapters 1 and 2 provide general information on the refining of mineral oil ar
industry and on the industrial processes and techniques used withmgbttor. Chapter 3 provides data and informatic
concerning the environmental performance of installations in terms of current emissions, consumption of raw matt
water and energy, and generation of waste. Chapter 4 describes the techniques to preveaduce emissions from
installations in the sector. In Chapter 5 the BAT conclusions, as defined in Article 3(12) of the Directive, are preser
the refining of mineral oil and gas industry. Chapters 6 and 7 are dedicated to emerging techniquegelhsas to
concluding remarks and recommendations for future work in the sector, respectively.
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Preface

PREFACE

1. Status of this document

Unless otherwisestatedr ef er ences to O6the Directived in
2010/75/EU of the European Parliament and the Council on industrial emissions (integrated
pollution prevention and control) (Recast)

The original best available techniques (BA€jarence document (BRER)r the Refining of
Mineral Oil and GasKEPF was adopted by the European Commission in 208 document
is the result of a review of that BREFhe review commenced in January 2008

This BAT reference document for the Refigiof Mineral Oil and Gas forms part of a series
presenting the results of an exchange of information between EU Member thmiadustries
concerned non-governmental organisations promoting environmental protection and the
Commission to draw up review, and where necessamypdate BAT reference documents as
required by Article 13(1) of the DirectiveThis document is published by the European
Commission pursuant to Article 13(6) of the Directive

As set out in Article 13(5) of the Directiveahe Comnission Implementing Decision
2014/738EU on the BAT conclusions contained @hapter5 was adopted o8 October 2014
and published o@8 October 2014

2. Participants in the information exchange

As required in Article 13(3) of the Directivédhe Comnission has established a forum to
promote the exchange of informatjowhich is composed of representatives from Member
States the industries concerned and Agovernmental organisations promoting environmental
protection (Commission Decision of 16 Mayl1d0establishing a forum for the exchange of
information pursuant to Article 13 of the Directive 2010/75/EU on industrial emissions (2011/C
146/03) OJ C 14617.05.2011, p.3).

Forum members have nominated technical experts constituting the technicalgnvgrup
(TWG) that was the main source of information for drafting this docunidm work of the
TWG was led by the EuropednP P C Bur eau ( odJoitt ResearCtoQantre)s si on 6

3. Structure and contents of this document

Chapters 1 and 2 provedgeneral information on theefining of Mineral Oil and Gasand on
the industrial processes and techniques used within this sector

Chapter 3 provides data and information concerning the environmental performance of
installations within the sectprandin operation at the time of writingn terms of current
emissionsconsumption and nature of raw materiagter consumptigruse of energy and the
generation of waste

Chapter 4describes in more detail the techniques to prevemlugre this is nopracticableto
reduce the environmental impact of installations in this sector that were considered in
determining the BAT This information includes where relevant the environmental
performance levelse(g.emission and consumption levels) which carabkieved by using the
techniquesthe associated monitoring and the costs and the-ored& issues associated with

the techniques

1 0OJL 307, 28.10.2014, p. 38.
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Chapter 5 presents the BAT conclusions as defined in Article 3(12) of the Directive

Chapter 6 presents infoation onée mer gi ng tsedefimediingAutieles 3(14) of the
Directive.

Concluding remarks and recommendations for future work are preser@bdpter 7

4, Information sources and the derivation of BAT

This document is based on information collecteoifra number of sourcen particular
through the TWG that was established specifically for the exchange of information under
Article 13 of the Directive The information has been collated and assessed by the European
IPPC Bureau (of the Commission's JoResearch Centre) who led the work on determining
BAT, guided by the principles of technical expertisansparency and neutralitfhe work of

the TWG and all other contributors is gratefully acknowledged

The BAT conclusions have been established udjino an iterative process involving the
following steps:

1 identification of the key environmental issues for the sector;

1 examination of the techniqgues most relevant to address these key issues;

1 identification of the best environmental performance levaidhe basis of the available
data in the European Union and worldwide;

1 examination of the conditions under which these environmental performance levels were
achievedsuch as costerossmedia effectsand the main driving forces involved in the
implementéion of the techniques;

1 selection of the best available techniques (BAMgir associated emission levels (and
other environmental performance levels) and the associated monitoring for this sector
according to Article 3(10) ofind Annex lll to the Diredtive.

Expert judgement by the European IPPC Bureau and the TWG has played a key role in each of
these steps and in the way in which the information is presented here

Where available economic data have been given together with the descriptions of the
techniques presented in ChapteMfiese data give a rough indication of the magnitude of the
costs and benefit$lowever the actual costs and benefits of applying a techniqgue may depend
strongly on the specific situation of the installation concermdiith cannot be evaluated fully

in this documentin the absence of data concerning casisclusions on the economic viability

of techniques are drawn from observations on existing installations

5. Review of BAT reference documents (BREFS)

BAT is a d/namic concept and gbe review of BREFs is a continuing proceser example

new measures and techniques may emesgéence and technologies are continuously
developing and new or emerging processes are being successfully introduced into the industries
In order to reflect such changes and their consequences for BT document will be
periodically reviewed andf necessaryupdated accordingly

ii Refining of Mineral Oil and Gas



6. Contact information
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SCOPE

This BREF coversertain industrial activities specified Bection 1.2 of Annex | to Directive
2010/75/EU, namely:

1 1.2.Refining of mineral oil and gas

In particular, his documentovers the following processes and activities:

Subactivities or processes included

Activity in activity

All alkylation processes hydrofluoric acid HF)

Alkylation sulphuric acid(H,SO;) and solidacid

Deasphaltingaromdic extraction wax processingand
lubricant oil hydrofinishing

Bitumen production All techniques from storage to final product additives
All types of catalytt cracking units such as flui
catalytic cracking

Continuous cyclic and sersregenerative catalyti

Base oil production

Catalytic cracking

Catalytic reforming

reforming
Coking Delayed and fluid coking process Coke calcination
Cooling Cooling techniques applied in refineries
Desalting Desalting of crude oil

Combustion unitsburning refinery fuels excluding
units usingonly conventional or commercial fuels
Production of chemicals (e.g. alcohols and ethers

Combustiorunitsfor energyproduction

Etherification as MTBE, ETBE and TAME) used as motor fuel
additives

Gas sepation Separation of light fractions of the crudel c.g.
refinery fuel gas (RFGJiquefied petroleum gas (LPG
Hydrocracking hydrorefining hydrotreatments

Hydrogen consuming processes hydroconversion hydroprocessing and hydrogenatiq

processes
Partial oxidation steam reforming gas heateq
reforming and hydrogen purification

Hydrogen production

Isomerisation Isomerisation of hydrocarbon compounds G; and G

Natural gas plants Hgtural gas (NG) process including liquefaction of

Polymerisation Polymerisationdimerisation and condensation

Primary distillation Atmospheric and vacuum distillation

Product treatments Sweetening and final product treatments

Storage and handling of refineryaterials Storage blending loading and unloading of refiner
materials

Visbreaking and other thermal conversion T_hermal treatmestsuch as visbreaking or thermgas
oil process

Waste gas treatment Technigues to reduce or abate emissions to air

Waste waterreatment Techniques to treat waste water prior to release

Waste management Techniques t@revent oreducethe generation of wastgq

This document does not address the following activitiggrocesses

1 the exploration and production of crude oil aradural gas;
| the transportation of crude oil and natural gas;
| the marketing and distribution of products

As far as biofuels are concernedhis document covers their handlingnd processs in
conventional refining units within the mineral oil refinesite but it does not cover specific
biological or biochemical processes used for their production
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Finally, the TWG has considered that soil remediation techniques aiadhadedwithin this
documentThe reason given is that $etechniqueare not tehniques to preverdr to control
emissionsThey are techniques used to clean up the soil when it has already been contaminated

This document is designed to be as comprehensive as posalihg into consideration the
need to avoid duplication withtlter BREFs It contains priority information spéfic to the
refinery sectarThis meansin particular that

1 generally applicable information on storageooling systems energy efficiency
monitoring waste water and waste gas treatmemt&conomicsand crossnedia effects
pertain to other relevant horizontal BREFs and may have not been developed or even
covered in tis document

1 generally applicable and specific information on particular processes or units covered by
other vertical BREFRave not ben covered or may have been only partially covered in
this documentfor example

U

the steam cracker for the production of lower olefthe production of aromatics
(i.e. BTX), cyclohexane and cumener the alkylation of aromati¢svhich are
coveredn the Large Volume Organic Chemicals (LVOC) BRB5, COM 2003]
the production of hydrogen by steam methane reformwifich is covered by the
Large Volume Inaganic Chemicals Ammonig Acids and Fertilisers (LVIE
AAF) BREF[ 92, COM 2007 ] This documenthas been selectdd include the
generic information on this subjecliEF Strategy to review the Chéral BREFs
March 2007 250, COM 2007)}

the energy production techniquegse( boilers and furnacesvhen burning
exclusively commercial fuelsvhich are already covered iheé Large Combustion
Plant (LCP)BREF[ 7, COM 2006 ]

Other reference documents which are rele¥anthe sector covered in this document are the

following:

Reference documat Subject

Common
TreatmentManagement Systenin the Chemical
Sector (CWW)

Waste Water and Waste C Waste water management and treatn

techniques

Industrial Cooling Systems (ICS) Cooling processs

Economics and Crossedia Effects (ECM)

Economics and crossmedia effects of
techniques

Emissions from Storage (EFS)

Storage blending loading and unloading o
refinery materials

Energy efficiency and integrated refine

Energy Efficiency (ENE) management
Large Combustion Plants (LCP) fClidlcérlzbustlon of conv#ional andcommercial

Large Volume Inorganic Chemicals Ammonig
Acids and Fertilisers Industries (LVIBAF)

Steam reforming and hydrogen purification

Large Volume Organic Chemical Indus{tyvOC)

Etherification process (MTBEETBE and
TAME production)

Waste Incineration (WI) Wasteincineration
Waste Treatment (WT) Wastetreatment
General Principles of Monitoring (MON) Monitoring of emissions to air and water

The scope othis documentioes not include matters that only concern safetyenabrkplace
or the safety of productsecause these matters are not covered by the DireGiney are
discussed only where they affect matters within the scope of the Directive
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Chapter 1

1 GENERAL INFORMATION

1.1 The purpose of refineries

The purpose of refining i® convert natural raw materials such as crude oil and natural gas into
useful saleable productSrude oil and natural gas are naturally occurring hydrocarbons found
in many areas of the worldn varying quantities and compositionia refineries these are
transformed into different productsichas

fuels for carstrucks aeroplanesships and other forms of transport

combustion fuels for the generation of heat and power for industrg@mdhercial and
domestic usge

1 raw materials for the petrocherai and chemical industries

1 speciality products such as lubricating gilaraffins/waxes and bitumgn

1 energy as a bproduct in the form of heat (steam) and power (electricity)

1
1

In order to manufacture these produdteese raw materials are handledd gosrocessed in a
number of different refining facilitieslone or as a mixture withiofuels. The combination of
these processing unitwhich convert crude oil and natural gas into produétluding
supporting units and facilitiess called a refineryThe 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 refinerfs these factors vary from location to locatioo

two refineries are iddital.
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1.2 Refinery sector in the EU

1.2.1 General

The economic and political worldwide refining industry has undergone considerable changes
over time In recent yearghe increased effort in oil and gas exploration and produc®mwell

as cost reductions hieved intheseactivities has resulted inthe stability of therecognised
reservesvorldwide

In 2006 oil and gas provided respectivel? % and 23% of the EU-27 final energy
consumption They represent the first and the second most important soafcesergy in
Europe About 94% of the fuels required for transport originated from oil produsatsile
natural gas represented &bof energy consumption farervices andlomestic usgand 20% of
the energy used for power generation

Despite the progsssive increase dfiofuels in the transport sectoin¢reasingfrom less than

0.2 % prior to 2000 to 178 % in 2006 forthe EU-27), the health and viability of the refining
industry remains of critical strategic importance to the EU for maintaining a@ssfat and

internationally competitive position for industry as a whaed for providing competitively
priced products to consuars[ 8, EUROSTAT 2008 ]

1211 Oil refining

In 2012, there were 865 refineries worldwidewith a total capacity of around400 million tyr.
The world's largest refining region is Asia (@), followed by North America and Europe
(around 20% each) The top refining countries in the world are the,B&lowed by China
Russia and Japap132 O&Gas Journal 2011 ]

The refining industry has suffered from a structural overcapé#amitglistillation for most of the
time since the ibcrisis in 1973/19740nly in the early 198Q®arly 1990s and late 1990s were
attractive margins achieved due to high oil pricethesetimes Moreover severe competitign
environmental compliance of the refining industry and regulatory uncertainty ddded to the
decrease in profitability in certain periodBhis longlasting recessiomas led oil and gas
companies to make significant adjustments in upstream and downstream opesatbnas
cuts in production costinnovations in technologyandorganisational restructurin@ome big
investmentshave been madéo cover diesel deman¢e.g. Repsoland Cepsan Spain -
CartagenaHuelva) But the economic crisistarting in2008 has led ta decreasén demand on
energy products

Even thoughsome European oil refineries have closed in the BStyearsthere has beera

progressive increase of crude oil processing capatige the 1990smai nl'y by &écapaci t
creepd ( de improvermessnire eqiipmeny reliability and longer cycles between

turnarounds) to cope withli 2 % increase in product demand per year in Eur§jgce 2005

there has beea stabilisation and even a slight decrease of the overall European démtrel

worldwide leve]t he OGcapacity cr eep Gtosistotensadditionalobald t o be eq
scale refineries going estream every year

Economic experts foresee low margins for future desdde toa low possibility of capacity
rationalistion As a general trendnvestment has shiftedwards exploration ahdrilling.

Accordingto the International Energy Agency5 Europearrefineries(in CZ, FR, GE, IT and
UK) were shutdown within the 2002013 period with an associated capacity decline of
about8 %. [ 279, IEA 2013 ]
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Within the context of a constant demdiod transportation productsith lower environmental
impact the European Union is promoting biofuetsoproducts and biorefinery investment to
reduce EU dependency on $dsuel feedstocks and foreign raw materials

1.2.1.2 Natural gas refining

In parallel to the consumption of petroleum produttite gross inland consumption of natural
gas inthe EU-27 has progressively increased during the last deceadading a peak of eound
446Mtoe in 2005 Despite a slight decrease in 2006 and 207 demand is still expected to
grow rather signitantly, with a CAGR of around +8 % until at least 2020mainly driven by
thermoelectric requirements

On the other hantEU indigenouggas production has been stable over the last debatés
now showing a clear decreasing trestdrting in 2004 This production isexpectedto fall,
notably inthe UK, NetherlandsGermany and ItalyConsequentlyEU-27 dependencen gas
importation calld rise from a current level of 38 in 2005 to approximately 8% in 2025

This context drives a significant number of projects for new infrastruatoperts, both for
gaseous feedstock (new pipelines or pipeline connections to the existing networRdssia

the Caspian regigNorth Africa and the Middle East production fields) and for a number of
new LNG terminalsAccording to some authqr46 regasification plants devoted to imported
liquefied natural gad (NG) reception storage and final pross were in operation in 2008 in the
EU, andfive morewere under constructiobJp to 35 new terminals are under sateration

[ 10, Ruggeri 2008,][ 11, Van Putten 2008, T 12, Basolas 2008.]

1.2.2 Feedstock
1.2.2.1 Crude oil feedstock

After a period of steady production in Europe dgrithe 1990sa decreasing trend has been
observed since 2002 and a shift towards lighter (North) Seales egpecially in Northern
Europe The world reserve of crude oil seems to guarantee the availability of raw materials for a
reasonably long period 40 years) Tablel.1 shows a summary of the world reserves and the
consumption of crude oil per geographical area during the last decade
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Table 1.1: Crude oil reserves and consumption per geographical regio(L9991 2012)

Proved reseryesnf oil 1999 | 2008 | 2009 | 2010 | 2011 | 2012 2012 share
(thousand milion barrels) of total
North America 233 216 219 222 221 220 13.2%
South and Central America 98 199 237 324 327 328 197 %
Europe and Eurasia 97 137 138 138 140 141 8.5%
Middle East 686 754 753 766 798 808 48.4%
Africa 85 120 123 125 127 130 7.8%
Asia Pacific 40 42 41 42 41 41 2.5%
Total world reserves 1239 | 1468 | 1511 | 1617 | 1654 | 1668 100%
Consumption

(thousands of barrels daily)

North America 23467 | 23860 | 22959 | 23464 | 23397 | 23040 25.8%
South and Central America 5023 | 5892 | 5921 | 6222 | 6405 | 6533 7.3%
Europe and Eurasia 19589 | 20017 | 19149 | 19057 | 18974 | 18543 20.7%
Middle East 4928 | 7185 | 7526 | 7861 | 7992 | 8354 9.3%
Africa 2467 | 3218 | 3302 | 3463 | 3359 | 3253 3.6%
Asia Pacific 20606 | 25881 | 26205 | 27766 | 28754 | 29781 33.3%
Total world consumption 76080 | 86053 | 84062 | 87833 | 88881 | 89504 100%
Proved reserves of oifjuantities tlat geological and engineering information indicates with reasonable cer|

can be recovered in the future from known reservoirs under existing economi
operating conditions
Consumption inland demand plus international aviation and marine bunkad refinery fuel and loss
Consumption of fuel ethanol and biodiesel is also included
Source[ 277, BP 2013 ]

The advent of North Sea crude oils and the continuousaser® 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 refineriggce 1985 the average sulphur content has
fluctuatedat around 10 % to 1.1 %. Howevet the difference between type of crude processed

in each European region should be nptedan average of.17 % S in the crude oils processed

in the refineries of North West Eurgn average of.01 % S in the Atlantic regionl.2% S in

the Mediterranean a@l64% S i n t h.&dhe@w@itahiliey ofsh@ type of crude aibing

to refineries is not the same

Some local factors for these differences are the following:

1 location close to dilelds where lowsulphur crudes are producéieight for crude from
the North Sea to the Mediterranean costs up to USD,1dbdbw-sulphur crudes from
the North Sea are rarely processed in the Mediterranean area);

1 refinery equipped with insufficient desulphurisation/upgrading capacity to process
(heavy) highsulphur crudes;

1 exclusion from markets where highilphur products can be sold.d. bitumen bunker
fuel);

1 some other form of specialisation in the use of -Bwphur crudes g.g. base oil
production)

Figurel.1 shows the sulphur balantend up t2010for EU refineries
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Figure 1.1 Refinery sulphur balance trend up to 200

1.2.2.2 Biofuels feedstock growth

Specific support policies worldwide aim teplace fossil fuel consumption witsiofuels and
stimulatebiofuel production and expansian domestic marketsThey result in a faggrowing
production oftheseproducts (mainly imethanol and biodieselyvhich are then blended with
petroleum products for use as transport fuels

Figurel.2 shows the quotd%) on blending versus the target set by the EU Directive on
biofuels (2003/30/EC) Obviously, this has led t@n increase of the European samption of
these products for transport that are normally commesethby the large oil companies

Tablel.2 shows the consumption of biodiesel andaathl for transport in the EU in the year
2009 in tonnes of oil equivalent (toe)

2010

2009

2008

2007

2006

2005 mTarget
2004 o Real
2003
0 1 2 3 4 5 6

Source[ 282, Eur Observer6ER 2010 ]

Figure 1.2: Percentage of biofuel blend
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Table 1.2; Biofuels consumption for transport by country (2009- tonnes of oil equivaént)
Country Bioethanol | Biodiesel | Other TOTAL
Germany 581686 | 2224349 | 88272 | 2894307
France 455933 | 2055556 2511489
Italy 118014 | 1048988 1167002
Spain 152193 894335 1046528
UK 159000 822872 981872
Poland 136043 568997 705040
Austria 64249 424901 | 13369 502519
Sweden 199440 159776 | 35015 394231
Netherlands 138650 228886 367536
Belgium 37577 221252 258829
Portugal 0 231468 231468
Romania 53274 131328 184602
Hungary 64488 119303 183791
Czedh Rep. 51097 119809 170906
Finland 79321 66280 145601
Ireland 19733 54.261 73994
Slovakia 6820 55041 61861
Greece 0 57442 57442
Lithuania 14091 37770 51861
Luxembourg 740 39915 498 41153
Slovenia 1859 27993 29852
Cyprus 0 15024 15024
Bulgaria 0 6186 6186
Latvia 1120 3570 4690
Denmark 3913 243 4156
Malta 0 583 583
Estonia NA NA NA
;?TAL BU-1 5339041 | 9616128 | 137154 | 12092523
Source[ 282, Eur Observer6ER 2010

Bioethanol

Worldwide, the US and Brazil dominate bioethanol productices seenin Figurel.3.
Worldwide productionamountedo 22 Mtoe in 2006with almost half of it poduced inthe US
from corn crops growin the Midwestrepresenting 2 3 % of the county's fuel.
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Figure 1.3: World bioethanol fuel production

Biodiesel

Biodiesel remains a small fractiaf the fuel usedvorldwide but as seenn Figurel.4, has

experienced strong growth rates in the last yesgecially in Europe where biodiesel (mainly

from rapeseed and sunflower oil) accounts fofw6f the total EU biofuel productiotn 2006

the European Union pduced 47 Mt (3.2 Mtoe), experiencing a 680 growth compared to

2005 In 2007, this capacity grew more than double to 11 MB(Vtoe) in EuropeGermany is

the worl dobs
by France adh Italy.
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Figure 1.4
Biofuels Global Potentials 2007)

World biodiesel fuel production (European Biodiesel Board EU Barometer,
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According to the European Biodiesel Bogdirope is the largest biodiesel market in the world
at the time of writingIn 2007 Europe consumed over5’Mm? (5.15 Mtoe) of biodieselln
December 200 'biodiesel imports to Europe had reachetiMt (0.6 Mtoe), which corresponds
to a 500% increase from 2008Dver 50% of feedstock imports to Europe in 2007 came from
Russia and Ukrain@ccounting fo0.4 Mt (0.27 Mtoe).

1.2.2.3 Natural gas feedstock

In 2005 proven world gas reserves were equal to 60 years of gas production at current rates
Since 2005the proven reserveBicreased faster than gas consumption and estimated reserves
could represent the equivalent ofogher 200 years of consumption

The highest percentage of gas supplied in the2EWomes from indjerous production
covering 36 of total net supplies (432 Mtoe) in 2Q0i/he main external sources are Russia
(24 %), Norway (19%), and Algeria (1®6). The decrease in the ER¥ indigenous production
over the period is mainly compensated for by the growing imports from Norway

Tablel.3 shows the provereserves of natural gésee table for definitiong)277, BP 2013.]
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Table 1.3: Proven reserves of atural gas(2012)
At end 1989 At end 1999| At end 2009| At end 2012 Reserves
Trilliqn Trilliqn Trilliqn Trilliqn Szr?;rze proo}S(-:tion
cubic cubic cubic cubic | ¢ totall R/P Ratio
metres metres metres metres (years)
Total North America 9.5 7.3 9.8 10.8 5.9% 12.1
of which USA 4.7 4.7 7.7 8.8 4.8% 12.5
Canada 2.7 17 17 2 11% 12.7
Total S. and Cent America 4.8 6.8 7.0 7.5 4.1% 42.8
Total Europe and Eurasia 37 41.6 47.3 584 317% 56.4
of which  Azerbaijan NA 0.9 0.9 0.9 0.5% 57.1
Denmark 0.1 0.1 0.1 - - -
Germany 0.3 0.2 0.1 0.1 0.1% 6.1
Italy 0.3 0.2 0.1 0.1 0.1% 7
Kazakhstan NA 12 13 13 0.7% 65.6
TheNetherlands 16 16 12 1.0 0.5% 16.3
Norway 17 12 2.0 21 11% 182
Poland 0.2 0.1 0.1 0.1 0.1% 28.3
Romania 0.1 0.3 0.6 0.1 0.1% 9.3
Russian Federatiol NA 29.8 311 329 17.9%| 556
Turkmenistan NA 2.3 7.3 17.5 9.5% 0)
Ukraine NA 0.7 0.7 0.6 0.3% 34.6
United Kingdom 0.6 1.3 0.3 0.2 0.1% 6
Uzbekistan NA 11 11 11 0.6 % 19.7
Other Europe and Eurasi 321 0.5 0.4 0.3 0.2% 29.2
Total Middle East 37.8 54.7 75.9 80.5 437 % 0)
Total Africa 8.5 114 14.8 11.5 6.2% 67.1
Total Asia Pacific 9.5 121 15.2 155 8.4% 315
Total World 1071 134 170 1842 100 % 55.7
Proven reservesquantities that geological and engineering information indicates with reasonable certainty
recovered in tb future from known reservoirs under existing economic and operating conditions
Reservego-production (R/P) ratioreserves remaining at the end of any year divided by the production in thatlyg
result is the length of time that these remainirgerees would last while having
. same production rate
(") >100 years
Source[ 277, BP 2013 ]

1.2.3 European refining capacity
1.23.1 European oil refining capacity

European refinges are characterised by an excess in primary processing capadityy some
O6mi sfitsd (incompatibility between producti
capacity European downstream sectbis/etoo many refineries producing too much damso

Tablel.6 shows per type of procesghe charge and production capacity of European oail
refineries forthe European Union (E27) and for EU+ Countrigswvhich will correspond
hereafter in this document the EU-27 enlarged by associated and official candi@atentries
Croatig Former YugoslavRepublic of Macedonia (FYROM), Norway, Switzerland and
Turkey. The crude oil capacitpf the 106 plants operag in the EU27 at the beginning of
2013 was below 1billion tonnes per yearThis corresponded td7% of the entireglobal
capacity whereas the US capacigcounted foP0 % of the entirgglobal capacity The average
individual capacity of European sites was ab8@Mm?/yr, similar to theother parts bthe
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world. As a comparisgnat the same timethe refining crude oil capacity of thE25 plants
operated inthe US wasreaching around 1 billion ffyr, leading to a individual average
capacity 0f8.2 Mm®/yr. At the global level, 655 plants werein operdion at the beginning of
2012, with an average individual capacity aBMm?/yr for an overall crude capacitf around
5 billion m*/yr in 2012[ 132, O&Gas Journal 2011 ]

Rdfining distillation capacity decreased substantially in the early 1980s following the oil price
shocks of the 19704\t the same timethe industry had to invest heavily in conversion capacity

to convert fuel oil anddapt todemand for lighter transpomidls Official figures for nameplate
capacity show small further capacity reductiamgil the end of 1995Combined with a slow

rise in demand since 1986 this has increased apparent distillation capacity utilisation from a low
point of 60% in 1981 to araverage above 9% in 1997 higher in northern Europe and lower

in southern Europe

There are differences in supply and demand balances between different couvithies
Germany and Spain in particular having a large supply defitié growth of oil prducts
demand in Iberia has been well above the average for thedtticularly in transport fuels
However oil demand growth in the 1990s shedithe Mediterranean region to be in line with
the rest of Europe

For the futureaccording to the Comrssion[ 72, COM 2010 kndbased orspecificmodelling
the investments required to upgrade EU3cluding Switzerland Norway and Turkey)
refining capacieés could reach EUR 1& billion (including 33 for international raritime
organigtion (MO) changes) between 2005 and 203hese amounts would be mainly
dedicated to extrgas oil hydrodesulphuisation units The CONCAWEDprojections keeping
trade levels constant for the period0%1 203Q indicate it would require EUR 2B billion of
investment
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Figure 1.5: Global oil refining throughputs
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1.2.3.2 European natural gas refining capacity
Therehas beera mild decline in the European gasimang output The following tables give

some background information on the worldwide production and consumption withasthe
period1999i 2012 Member States fronthe EU-27 are shown in italics

Table 1.4: Worldwide gas production (19997 2012)

Production 2012
expressed as billios of cubic metreg share

1999 2009] 2010 | 2011 [ 2012 |of total
Total North America 748 1807.4| 8211 | 8665 | 8964 |26.8%
of which US| 533 |584.0| 6036 | 6485 | 6814 | 20.4%
Canadg 177 |164.0| 1599 | 1597 | 1565 | 4.6%

Total S. and Cent America| 92 [1559| 1666 | 1715 | 177.3 | 5.3%
Total Europe and Eurasia |9134|9588|10312|10399|10354|30.7 %
of which Azerbaijan| 5.4 | 14.8| 151 | 148 | 156 | 0.5%
Denmark| 7.8 | 8.4 8.2 7.1 6.4 | 0.2%

Germany 17.8| 122 | 106 | 100 9.0 | 0.3%

Italy| 16.0| 7.3 7.6 7.7 7.8 | 0.2%

Kazakhstar 6.6 | 17.8| 176 | 193 | 197 | 0.6%

Netherlandg 60.2 | 62.7| 705 | 642 | 639 | 1.9%

Norway| 48.5|104.8| 107.7 | 1017 | 1149 | 3.4%

Poland| 3.4 | 4.1 4.1 4.3 42 | 0.1%

Romanig 14.0|11.3| 109 | 109 | 109 | 0.3%

Russian Federatig5357|527.7| 5889 | 607.0 | 5923 | 17.6 %
Turkmenistar] 20.6| 36.4| 424 | 595 | 644 | 1.9%

Ukraine| 16.4| 19.2| 181 | 186 | 186 | 0.6%

United Kingdomn] 99.1| 624 | 59.7 | 476 | 410 | 1.2%
Uzbekistan 50.3|60.0| 596 | 570 | 569 | 1.7%

Other Europe and Eurag 11.4| 9.7 | 10.2 | 10.2 9.8 | 0.3%

[Total Middle East 195 |407.3| 4727 | 5187 | 5484 |16.3%
[Total Africa 119 |2004| 2143 | 2112 | 2162 | 6.4%
[Total Asia Pacific 263 |4396| 4865 | 4836 | 4902 |145%
[Total world 2330[2970] 3192 | 3291 | 3364 |1000%

Source[ 277, BP 2013 ]
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Table 1.5:

Worldwide gas consumption(19997 2012)

Consumption 2012
expressed as billios of cubic metrey share
1999] 2009 2010] 2011 2012] of total
Total North America 761 | 816 | 850 | 868 | 907 | 27.4%
of which US| 634 | 649 | 682 | 691 | 722 | 21.8%
Canada 87 95 95 | 101 | 101 3%
Total S. and Cent America 90 137 | 152 | 156 | 165 5%
Total Europe and Eurasia 967 | 1050| 1130| 1106|1083 | 32.6 %
of which Austria| 8.5 9.3 | 101 | 95 9.0 | 0.3%
Azerbaijan| 54 | 7.8 74 | 81 85 | 05%
Belarus| 148 | 16.1 | 19.7 | 183 | 186 | 0.6%
Belgium| 148 | 168 | 188 | 166 | 169 | 0.5%
Bulgaria| 3.0 2.3 2.6 2.9 2.7 0.1%
Czech Republi{ 8.6 8.2 9.3 8.4 8.2 0.2%
Denmark| 5.0 | 44 | 5.0 | 4.2 39 | 01%
Finland| 3.7 3.6 3.9 3.4 31 | 01%
France| 37.7 | 426 | 47.4 | 409 | 425 | 1.3%
Germany| 80.2 | 780 | 833 | 745 | 752 | 2.3%
Greece| 1.5 34 | 37 | 45 | 4.2 0.1%
Hungary| 11.0 | 10.2 | 109 | 104 | 9.7 0.3%
Ireland| 3.3 | 4.8 52 | 46 | 45 | 01%
ltaly | 622 | 715 | 76.1 | 713 | 687 | 2.1%
Kazakhstan 6.2 7.8 8.2 9.2 95 | 0.3%
Lithuania| 2.4 | 2.7 3.1 3.4 33 | 01%
Netherlandg 385 | 389 | 436 | 381 | 364 | 1.1%
Norway| 3.6 | 41 | 41 | 43 | 43 | 0.1%
Poland| 103 | 144 | 155 | 157 | 166 | 0.5%
Portugal| 2.3 | 4.7 5.1 5.2 47 0.1%
Romania] 17.2 | 133 | 136 | 139 | 135 | 04%
Russian Federatio| 3528 | 3896 | 4141 | 4246 | 4162 | 125%
Slovakia| 6.4 | 4.9 5.6 5.2 6.0 | 0.2%
Spain| 150 | 346 | 346 | 322 | 314 | 0.9%
Sweder] 0.8 1.1 1.6 1.3 1.1 | 0.05%
Switzerland| 2.7 3.0 3.3 3.0 3.2 0.1%
Turkey| 124 | 357 | 39.0 | 457 | 463 | 1.4%
Turkmenistan 11.0 | 199 | 226 | 250 | 233 | 0.7%
Ukraine| 709 | 47.0 | 521 | 537 | 496 | 1.5%
United Kingdom 936 | 91.2 | 99.2 | 828 | 783 | 2.4%
Uzbekistan 47.8 | 435 | 455 | 491 | 479 | 1.4%
Other Europe and Eurag 134 | 140 | 151 | 157 | 161 | 05%
Total Middle East 181 | 345 | 377 | 395 | 412 | 12.4%
Total Africa 52 100 | 108 | 114 | 123 | 3.7%
Total Asia Pacific 270 | 497 | 560 | 594 | 625 | 188%
Total world 2320|2944 | 3176| 3232| 3314 |1000%
The difference between the world consumption figures and the world production stati
is due to variations in stocks at storage facilities
Source [ 277, BP 2013 ]
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Table 1.6: EU+ capacity for mineral oil refining
Charge capacity in Mr/yr
No of oll Vacuum . Thermal Catalytic Catalytic Catalytic Catalytic
Country refineries Crude distillation Coking operations crack?lng refom?ing hydrocrgcking hydrotrgating

Austria 1 12.1 3.8 1.0 15 1.9 8.1
Belgium 4 42.9 14.5 17 7.8 6.1 39.9
Bulgaria 1 6.7 2.9 12 14 0.2 3.7
Cyprus 0

Czech Republic 4 10.6 4.6 1.0 1.6 2.0 6.0
Denmark 2 101 13 3.7 1.3 2.5
Estonia 0

Finland 2 15.1 8.5 2.0 3.3 2.9 5.2 17.3
France 11 86.9 35.1 6.8 181 12.7 4.2 68.4
Germany 13 1403 63.6 6.1 144 20.3 235 11.8 11674
Greece 4 24.5 8.8 2.8 4.4 2.9 2.5 210
Hungary 1 9.3 4.5 1.0 0.8 1.4 17 7.0
Ireland 1 4.1 0.6 2.6
ltaly 15 1356 473 2.6 26.0 187 16.7 17.6 72.58
Latvia 0

Lithuania 1 11.0 5.2 17 2.5 2.7 8.9
Luxembourg 0

Malta 0

Netherlands 5 68.9 40.8 2.4 5.3 5.9 8.6 115 59.0
Poland 5 28.6 154 1.9 3.9 8.5 151
Portugal 2 17.7 5.1 2.1 24 2.9 0.5 117
Romania 9 312 15.9 4.0 2.2 6.4 3.6 0.1 138
Slovakia 1 6.7 3.2 1.0 1.2 2.4 51
Slovenia 0 0.8

Spain 10 73.8 24.0 3.5 8.7 111 114 7.6 47.9
Sweden 5 254 7.9 3.9 17 4.1 2.8 15.6
United Kingdom 9 102.5 50.3 3.7 6.2 25.8 19.7 2.1 738
EU-27 106 864.8 3626 23.4 91.5 135.4 130.2 78.9 616.7
% World capacity 17% 17% 21% 9% 41 % 16% 20% 25% 23 %
Croatia 2 14.5 5.1 0.3 1.4 3.0 2.9 0.7 4.0
FYROM 1 2.9 0.6 1.3
Norway 2 18.5 14 1.9 2.8 2.0 7.3
Switzerland 2 4.2 1.2 0.7 1.9
Turkey 6 414 117 1.4 17 3.8 3.1 154
EU+ 119 9464 3793 25.1 96.0 144.1 140.3 82.7 646.5
% World capacity 19% 19% 22% 9% 44% 17% 21% 26 % 24%
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Production capacity in Mm®yr (except units mentioned specifically)

Country Alkylation Pg!%ﬁﬁ!;ﬁgﬁn Aromatics Isomerisation prizz?:t?o"n Etherification U\% ﬂ:ﬂ%ﬁ;; ((Zt(/)(I;)e Slz:/p dr;ur Bitumen
Austria 0.84 0.09 180 0.09
Belgium 1.02 0.22 2.79 971 154
Bulgaria 0.15 0.12 0.05 0.29 63 0.09
Czech Rep 0.04 0.42 0.13 0.13 3.17 144 0.63
Denmark 0.37 0.46
Finland 0.45 0.03 0.31 0.33 4.53 540 0.39
France 1.55 0.17 0.17 2.81 1.72 0.27 3.45 1362 1.47
Germany 1.79 0.48 4.17 5.47 0.83 0.76 21.86 3813 2914 3.52
Greece 0.14 0.10 0.53 1.37 0.20 0.23 0.67 519 0.98
Hungary 0.19 0.70 0.20 0.35 0.07 2.16 600 226 0.37
Ireland 0.44 0.29 4
Italy 2.34 0.09 0.78 6.51 1.39 0.68 8.65 2046 1776 0.91
Lithuania 0.42 1.10 0.16 0.71 320
Netherlands 0.9 4.00 0.51 0.67 0.16 10.16 1726 0.62
Poland 0.20 0.60 1.35 1.03 0.15 4.73 560 1.94
Portugal 0.31 1.00 2.42 252
Romania 0.13 0.45 0.22 0.60 0.08 0.51 2555 143 0.80
Slovakia 0.26 0.54 0.35 0.12 0.09 2.54 270 0.15
Slovenia
Spain 0.98 15 2.09 0.56 0.56 8.50 3565 1762 1.54
Sweden 0.20 1.66 1.52 334 1.59
UK 5.35 0.79 0.85 6.99 1.39 0.23 3.60 2400 792 1.65
EU-27 16 2 15 33 9 4 83 14979 14858 19
% World capacity 13% 20 % 19% 34 % 20% 38% 21% 7% 18% 18%
Croatia 0.55 0.32 0.03 200 123
FYROM 0.25
Norway 0.64 0.22 610 20
Switzerland 0.22 0.37 0.79
Turkey 0.82 0.34 6.16 180 315 1.17
EU+ 16 3 16 35 10 4 89 15969 15316 20
% World capacity 13% 28 % 20% 36 % 21% 38% 22% 8% 18% 19%
NB for Tablel.6 (first part}

- Vacuum distillation has been included in primary distillation sections in this document
- Thermaloperations include visbreaking (within this document) and thermal cracking (within LVOC BREF)
- Catalytic hydrocrackinghydrorefining and hydrotreatment are included in hydregmmsuming processes
NB for Tablel1.6 (second part)
- Aromatic production is included in the LVOC BREdthough some refineries have it
Source[ 9, Koottungal 2008,][ 132, O&Gas Journal 2011 feviewed by TWG, 2013
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1.24 Product market
1.24.1 Petroleum products

The European market is characterised by a grgwliemand fopetrochemicalskerosene and
diese] and a declining demand for gasolinkght heating oil and heavy fuel oiThere is
ongoing competition because of the inciegapacityin the Middle East and Asia

In the particular case of automatiduels and despite the progressive technical adaptation of
European sites which lead them to produce (on average) more middle distillates than in every
other region in the worldxcept Asigas seen ifablel.7), EU refineries are still not producing

the mix demanded by EU consumers due to their technical dédigy cannot satisfy the
existing demand for diesel and they continue to produce gasoline in.eRoesw® favourable
taxation the share othe dieselfleet has risen from 2% in 1996to 53% in 2006 and is
expected to increase 601 65 % over the next decade

Table 1.7: Product group consumption per regioni Evolution from 2002 to 2012
Product . - Middle .
Consumption Light distillates distillates Fuel oil Others

(Thousands of
barrels per day) 2002 2012 2002 2012 | 2002 | 2012 | 2002 | 2012

North America 10514 10594 | 6654 6417 1187 635 5442 5394
(of whichU9) (9167) (9227) | (57395 | (5281 | (686 | (343 | (4172) | (3976)

SouthandCental 1401 | 1898 | 1706 | 2535 | 752 | 678 | 1146 | 1422
America

Europe 4125 | 2976 | 6939 | 7389 | 1866 | 1063 | 3040 | 2724
E‘:]rig“ner Soviet 1056 | 1352 | 1039 | 1453 | 635 | 418 | 863 | 1169
Middle East 1175 | 1886 | 1740 | 2753 | 1374 | 1916 | 1163 | 1799
Africa 602 873 | 1135 | 1641 | 388 | 431 | 443 | 577
Asia Pacific 6198 | 9281 | 8182 | 10487 | 3383 | 3633 | 4323 | 6379

(of which China)| (1359) (3182) | (1785) | (3741) | (783) | (820) | (1335) | (2477)
(of which Japan) (1728) (1632) | (1944) | (1360) | (632) | (81D | (1053) | (911)
World 25071 28862 | 27395 | 32675 | 9854 | 8773 | 16421 | 19463
Light distillates aviation motor gasolines and light distillate feedstock (LDF)
Middle distillates jet and heating kerosinggas and diesel oils
Fuel oit marine bunkers ahcrude oil used directly as fuel
Others refinery gasliquefied petroleum gas (LPG}olvents petroleum cokelubricants bitumen wax, other
refined products and refinery fuel and loss

Source[ 277, BP 2013]

According to the Commissiof 72, COM 2010 ] the evolution of the petroleum product
demand mix in the Ebetween 1990 and 20@8the following

T the share of jet fuel and kerosene has increased ffofh ® 9.4 %;

| the share ofjas oil(including dieselnot heating oilhas increasefitom 17.7 % to 31%;

T the share of gasolifeasdecreasetrom 227 % to 161 %;

il the share of heavyél oil has dereasedrom 163 % to 6.4 %.

At the time of writing the EU productiorconsumption gap is still closed via international trade
in refined productsThe EU imports diesel (mostly from the Russian Federation) and exports
gasoline (mostly tahe United States of Americandto a lesser extento Africa and the
Middle East) As Figure1.6 shows this importexport EU market was almost balanced in 2005
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Source
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Gasoline demand in 2010

Gasoil/Diesel demand in 2010

m Gasoline Trade flows in 2010
Gasoil/Diesel Trade flows in 2010

Unit: Million tonnes per year

Source: Eurostat

Figure 1.6:

However the US and theMiddle Eastern and Asian countries have been increasing their
refining capacit. Also, North America is expected to become an important diesel explrter
Tablel.8, the total import and exportsof petroleum products for the year 200@region are

Major gasoline and diesel tradéo and from the EU

given
Table 1.8: Worl dwide import/export of products (20091 2012)
Import/export of oil 2009 2012
products
Million s of tonnes per year | Product Product Product Product
imports exports imports exports
us 1220 89.5 1005 1275
Canada 15.3 25.7 10.1 29.7
Mexico 21.0 8.0 279 3.7
South and Central America 41.3 54.4 67.7 331
Europe 1520 72.9 1428 85.9
Former Soviet Union 3.2 1051 5.5 1222
Middle East 10.5 91.6 26.8 98.5
North Africa 10.0 253 15.0 22.3
West Africa 12.1 5.3 114 113
East and Southern Africa 5.7 0.3 125 0.7
Australasia 17.1 2.0 18.2 7.9
China 49.8 29.4 83.0 25.8
India 104 35.4 15.5 64.7
Japan 353 16.5 482 10.6
Singapore 79.8 72.0 96.7 710
Other Asia Pacific 127.6 59.9 1202 87.0
Total world 714 802
Note Bunkers are not included as expohtdra-area movement®(g.between countries in
Europe) are excluded
Source[ 71, BP 2010][ 277, BP 2013 ]
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As far as the quality of refined products is concertieel phasing out of lead from gasoline has
been completed and new specifications (Balgle1.9) have required a reduction of the sulphur
content for all types of automotive fuglswer aromaticsparticularly benzene in gasolinend
reduced polyaromatic hydrocarbons and a higher cetane number in @ilesdalend is that
environmental quality requirements will become more stringent for all refinery products
Moreover EU acidification puts additional pressure on the sulphur content of liquid aurels
therefore also on the sulphur content of the fuels used in refindiesting these new
specifications require additional investmepérticularly in desulphurisation capagitgdding
more pressure to the restructuring process of the sector

Table 1.9: Evolution of mineral oil pro duct specifications
Product
Refinery product unip  Seedification} 554, 2005 2009
Before
2000

Gasoline
Sulphur ppm 500 max 150 max 50 max 10 max
Lead g/l 0.15 0.005 max 10 max 10 max
Aromatics % viv none 42 max 35 max 35 max
Olefins % viv none 18 max 18 max 18 max
Aromatics % viv 42 max 35 max 35 max
Benzene % viv 5 max 1.0 max 1.0 max 1.0 max
Evaporation at 100C % 65/70 max 46 min 46 min 46 min
(summer)
Eyaporatlon at 156C % none 75 min 75 min 75 min
(winter)
RVP, summer kPa 80 60 max 60 max 60 max
Oxygen % 2.5 max 2.7 max 2.7 max 3.7
Methanol % viv 3 3 3
Ethanol % viv 5 5 10
Iso-propyl alcohol % viv 10 10 12
Ter-butyl alcohol % viv 7 7 15
Iso-butyl alcohol % viv 10 10 15
Ethers>C, % v/v 15 15 22
Other oxygenates % viv 10 10 15
Diesel
Sulphur ppm 500 max 350 max 50 max 10 max
Cetane number 49 min 51 min 51 min 51 min
Densityat 15°C kg/m® 860 max 845 max 845 max 845 max
Distillation 95% (v/v) °C 370 max 360 max 360 max 360 max
Polycyclic Aromatics % m/m none 11 max 11 max 8 max
FAME - EN 14078 % viv none none none 7 max
Heating gas oil 2008
Sulphur % m/m 0.1 max
Inland heavy fuel ol 2003
Sulphur % m/m 1
Bunker fuel oil in SOy emission control zones IMO - 2003
Sulphur | %ww | 1.5

Directive 2012/33/EU of 21 November 2012 amending Directive 1999/32/EC as regards the
sulphur content of marine fuelms at taking into account thmore stringentules for the
sulphur content of fuels used by maritime transpamteed undethe International Maritime
Organisation (IMO}hrough theevised Annex VI tahe MARPOL Convention
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It introducesin particular stricter sulphur limits fomarine fuel

1 in Sulphur Emission Control AreaSECAS: 1% as of 1July 2010 and A0 % as of
1 January 2015;

1 in sea areas outside SECA$ % as of 1January 2012 an@l50 % from eitherl January
20200r 2025 (to be decided in 2018)

1.2.4.2 Natural gas
In 2007, the worlds largestexporter ofnatural gady farwasRussia (around 200 billiom*yr),
followed by Canada and Norwayith around 87 billionm®yr. The first EU27 exporterthe

Netherlandsrankedin ninth place with 30 billiorm*yr.

Tablel.10gives the importef natural gas by region for the year 2009

Table 1.10: Natural gasimports in 2009
. Pipeline LNG Total
Natural gas imports imports . .
(billion m3) Imports Imports
North America 12249 17.33 139.82
South and Central America 12.49 3.28 15.77
Europe and Eurasia 44397 69.02 51299
Austria 7.98 T 7.98
Belgium 15.01 6.53 21.54
Bulgaria 2.64 T 2.64
Croatia 1.20 T 1.20
Czech Republic 9.40 T 9.40
Estonia 0.71 T 0.71
Finland 4.10 T 4.10
France 35.99 13.07 49.06
Germany 88.82 T 88.82
Greece 2.55 0.74 3.29
Hungary 8.10 T 8.10
Ireland 5.08 T 5.08
Italy 66.41 2.90 69.31
Latvia 1.19 T 1.19
Lithuania 2.77 T 2.77
TheNetherlands 17.21 T 17.21
Poland 9.15 T 9.15
Portugal 1.59 2.82 4.41
Romania 2.05 T 2.05
Slovakia 5.40 i 5.40
Slovenia 0.89 T 0.89
Spain 8.99 27.01 36.00
Sweden 1.31 T 1.31
United Kingdom 30.88 10.24 41.12
Restof Europe and Eurasia 11455 5.71 12026
Middle East 30.42 0.89 31.31
Africa 5.25 5.25
Asia Pacific 19.16 15227 17143
Total 63377 24277 876.54
Source BP Statistical Review Of World Energy 2010

Unconventional gas The use of horizontal drilling in conjunction with hydraulic fracturing has
greatly expanded the ability of mhocers to profitably produce natural gas from low
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permeability geologial formations particularly shale formationsApplication of fracturing
techniques to stimulate oil and gas production began to grow rapidly in the, 2¢50sigh
experimentation datdsack to theninete¢h century

Shale gagqseedefinition below) has become égame changérfor the natural gas markekhe
proliferation of activity into new shale plays has increased dry shale gas production in the
United States from.1 Lllion cubic metresin 2000 to136billion in 201Q or 23% of US dry gas
production Wet shale gas reserves have increased to dbt@ billion cubic metes by year

end 2009 when they comprised about 24 of overall US natural gas reseryemw at the
highest levekince 1971

Thus adding the identified shale gas resources to other gas resources increases total world
technically recoverable gas oesces by over 4% to 640000billion cubic metres.

Shale gas is extracted akingtechnique thatinvolve high-pressure injection of watesand
and chemical additiveand thus environmental impacteed to be taken into consideration
Some usefuliefinitions about these new techniques are provided

1 Shale gas Natural gas stored in extremely small pore spage bonded to organic
material within rock composed mostly of consolidated clay and siltstone

1 Tight gas- Natural gas stored in small pore spaces in very low permeability underground

formations such as sandstopsltstone or limestone

Deep gas Unconventional natural gas thiatlocated deep within geological formations

Coalbed methane (CBM Natural gas stored in naturally occurring fracture systems or

bonded onto coalA liquid, low-pressure sweet ga€BM gas is used to fuel hot water

heatersfurnaces and ranges

1
1

Midsize companies &l this extraction activity e.g. ChesapeakeExco XTO Energy Atlas,
Encana or Duvenay
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Table 1.11: Estimated technically recoverableshale gagesources in 3Zountries
Estimated technically recoverable reservey
Country . 3
(billion m~)
China 36104
United States 24409
Argentina 21917
Mexico 19284
South Africa 13734
Australia 11214
Canada 10987
Libya 8212
Algeria 6541
Brazil 6400
Poland 5295
France 5097
Norway 2350
Chile 1812
India 1784
Paraguay 1756
Pakistan 1444
Bolivia 1359
Ukraine 1189
Sweden 1161
Denmark 651
Uruguay 595
United Kingdom 566
Colombia 538
Tunisia 510
Netherlands 481
Turkey 425
Morocco 311
Venezuela 311
Germany 227
Western Sahara 198
Lithuania 113
Total 186977
NB: Italics: EU-27 MemberSates
Source[ 73, US DOE 2011]
20 Refining of Mineral Oil and Gas



Chapter 1

1.3  European refineries

1.3.1 Oil refineries

At thetime of writing (20B), there areclose to120crude oil refineries spread around the EU+
countries Of these refineriesabout terare specialist refineries producing mainly lubricating oil
basestocks or bitumen

Figurel.7 andthe associatedable show the distribution of European refineries by coudtsy

can be seen on the mapfineries are mainly placed close to the sea or to a big tiveatisfy

their need for large amounts of cooling wats well aso facilitate the sea transport of raw
materials and product¥here are some places in Europe with a high concentration of refineries
(e.g.Rotterdam irthe Netherlands; Antwerp in Belgiuand Sicily in Italy)

As a result of overcapacity in the Europe&finery sectqrvery few new oil refineries have
been built in the las®5 years|In fact only 9 % of the existing refineries have been built in this
period and only2 % before 200095 % being built before 1981 and 44 before 1961 (see
Table1.12). Although most refineries will have had upgrades and new units built since they
were first commissionedheir overall structureand in particular items like the pattern of sewer
systemswill have remained esseritiaunchanged

Table 1.12: Percentage of refineries built during different time periods inthe EU-27
Number of Percentage of refineries Ccumulative
Time period | refineries built in built during the time
the time period period (%) percentage
Before 1900 1 1 1
19007 1910 2 2 3
191171 1920 1 1 4
19217 1930 9 9 13
193171 1940 7 7 19
194171 1950 8 8 27
195171 1960 17 17 44
19611 1970 41 40 83
19711 1980 12 12 95
19811 1990 3 3 98
1991- 2000 2 2 100
2000- 2010 0 0 100
Total 103()
() Refinery in Martinique not included within the tablSome refineries have beg
demolished recently
Source CONCAWE
1.3.2 Gas refineries

Seventeemnshore natural gas plants have been identified in Eufdpee have been identified
in the Netherlandsix in Norway including LNG plantsand nine in the United Kingdam
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ID Country Refinery location ID Country Refinery location 1D Country Refinery location
1 Austria Schwechat 51 Hungary Szazhalombatta 97 Slovakia Bratislava
2i 5 Belgium Antwerpen 53 Ireland Whitegate 99-99his Tarragona
6 Bulgaria Burgas 54 Sannazzard?avia 100 PuertollangCiudad Real
7 Rijeka 55 Mantova 101 Cadiz
8 Croatia Sisak 56 FalconaraMarittima 102 CartagengMurcia
57 Ravenna 103 Spain Castellon de la Plana
10 Litvinov 58 Livorno 104 P Huelva
11 . | Kralupy 60 Gela, Ragusa 105 La Coruia
12 Czech Republic Pardubice 61 Milazzo, Messina 106 Muskiz Vizcaya
12bis Kolin 62 Priolo, Sicily
13 Denmark Kalundborg 63 Italy Augusta, Siracusa 107 Tenerfe
14 Fredericia 64 Taranto 108 Nynashamn
15 Finland Porvoo 66 Busalla 1097 111 Sweden Gothenburg
16 Naantali 67 Melilli, Sicily 112 Brofjorden- Lysekil
17 Fort-de-France 68 Porto Marghera 113 Switzerland Collombey
18 Fossur-Mer 69 S. Martino Di Trecate S. 114 Cressier
19 Berre | 6Etang 70 Sarroch 115 Kirikkale
20 Donges 116 Aliaga - lzmir
21 Dunkerque 117 Turke Izmit
23 France Feyzin 71 Lithuania Mazeikiai 118 y Batman, Siirt
24 Gonfrevihdrl e L 72 FYROM Skopje 119 Mersin
25 Grandpuits 731 75 Rotterdam 119 bis Narli, Kahramanmaras
26 La Mede 76 The Netherlands| Vlissingen 121 Eastham
27 Lavera 78 Pernis 122 South Killingholme
29 Port Jédme 79 Norwa Mongstad 123 Stanlow
31 Heide 80 Y Slagen 124 United South Killingholme
32 Karlsruhe 81 Jaslo 126 Kinadom Fawley
82 Gdansk 127 9 Dundee
34 Hamburg 83 Poland Gorlice 128 Grangemouth
35 Lingen 84 Plock 129 Milford Haven
36 Schwedt 84 bis Trzebina 130 Pembroke, Dyfed
37 Germany Gelsenkirchen 85 Portugal Leca Da Palmeira Porto
38-39 Vohburg/Ingolstadt/Neustad 86 9 Sines
40 Burghausen 87 Bacau
43 Harburg 88 Campina
44 Leuna, Spergau 89 . Onesti, Bacau
45 Rheinland 90 Romania Darmanesti
46 Salzbergen 917 94 Ploiesti
47 Thessaloniki 96 Midia o ) ) o o
48 Elefsis NB: In italics: lubricant and bitumen specialised refineries
49 Greece Aspropyrgos * Refinery under 'mothballing’ in 2013
50 Ahghii Theodori Source[ 132, O&Gas Journal 2011r¢viewed by TWG, 2013
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1.3.3 Technical characteristics of European refineries

Compared toother parts of the wor|defining configurations ofvestern European refineries
reflect to some extent their technical adaptation to the local denedindiddle distillatesin
particular diesel and jet fuethey show proportionly more hydrotreatingrad hydrocracking
capacities and less catalytic cracking capacities than in North AmAscown inTablel1.13,
the most complex refinery configurations are observed in North Ammergfaneries As a
result they producethreetimes less heavy residues than in Eure@mel sixtimes less than in the
RussiarFederation or in Africa

Table 1.13: Refining configurations as a percentage of crude distillation

. Catalytic | Catalytic Catalytic Catalytic
World regions crack)i/ng reforrr)lling hydrocrgcking hydrotreyating
Africa 6.5 14.7 19 28.0
Asia 119 8.7 3.3 385
Eastern Europe 9.0 14.5 3.1 41.6
Middle East 5.1 9.2 8.3 29.2
North America 20.2 319 8.4 73.4
South America 19.6 6.4 2.1 289
Western Europe 15.0 14.3 7.0 66.7
Source [ 20, Gary et al2007]

Tablel.14 shows the number of processes currenpigraing in the mineral oil refineries in
each countryAs can be seercrude and vacuum distillationsatalytic hydrotreatment and
catalytic reforming are the most common procesassthey are found in the simplest of
refineries It may be surprisinghat the number of catalytic hydrotreatment processes is higher
than the number of refineriegut the reason is simply that thereds averagemore than one
catalytic hydrotreatment in each European refin@he least common processes in European
refineries are coking and polymerisation/dimerisation

Some of these refining processes have been analysed in orégermidethe type of technique
or techniques used to perform a certain prac€ss instance there are currently two
technologies to cayrout alkylation namely sulphuric and hydrofluoritn this casethese two
technologies are competitors but in other casesh as hydrotreatingne technique does not
exclude anotherAs can be seen ifablel.14, some techniques are really predominant in
particular processes in European refinerigss category includes delayed cokingsbreaking
fluid catalytic crackinghydrofluoric alkylation Cs and G isomerisationMethyl tertbutyl ether
(MTBE) prodwtion and steam reforming for the production of hydrog@ther processes
where one technique is less predominant are catalytic refarmatglytic hydrorefining
catalytic hydrotreating and hydrogen recovery pracess
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Table 1.14: Number of type of processes per country EU-27 EU+ World
EU-27 EU+ World Process number | number M
Process number | number | M barrel/day barrel/day
1 | Fluid coking 2 > 19 | Crude 110 124 88.22
2 | Delayed coking 13 15 19 | Vacuum _ 101 110 29.18
3 | Other 1 1 1 Sulphuricacid 7 7
7 | Coking 16 16 461 2 Hydrofluoric acid 30 30
1 | Thermal cracking 14 16 2 | Alkylation 37 37 2.06
2 | Visbreaking 52 57 1 Polymerisation 11 13
22 | Thermal ops 66 66 3.82 2 Dimerisation 0 0
1 Fluid 58 64 18 | Polymerisation/dimerisation 11 13 0.2
1 | Other 3 4 1 BTX 21 22
5 | Catalytic cracking 61 61 14.66 2 Hydrodealkylation 5 5
1 | Semiregenerative 58 71 3 Cyclohexane 5 5
2 CyC"C 13 13 4 Cunmene 3 3
3 | Continuous regesrative 34 36 Aromalics 34 34 134
4 cher _ 0 0 1 C 8 8
6 | Catalytic reforming 105 105 1151
1 | Distillate upgrading 24 27 2 Cs 8 8
2 | Residual upgrading 6 7 3. . Cs andGCe 124 131
3 Lube oil manuécturing 5 5 16 | Isomerisation 140 140 17
4 | Other 3 3 1 MTBE 22 22
c | Conventional 15 17 2 ETBE 12 12
m | Mild to moderate 8 8 3 TAME 4 4
13 | Catalytic hydrocracking 38 38 541 4 Other 1 1
1 Pretreatment of calytic reformer feeds 81 87 11 | Oxygenates 39 39 0.19
2 Othernaphthadesulphurisation 26 26 1 Steam methane Reforming 33 34
3 | Naphha aromaticsaturation 11 11 2 StearmaphthaReforming 9 11
4 Kerosenfet desulphurisation 35 35 3 Partial oxidation 5 5
5 D?es.eldesulphur.isation . 65 70 4 Pressure swing adsorption 22 25
6 Dlstlllatg gromat|C$aturat|on 3 3 5 Cryogenic 7 7
7 | Other distillates 10 10 6 Membrane 6 7
8 Pretreatmentat crackers feed 20 20
7 Other 2 2
9 | Other heavy GO 13 14 -
10 | Residiehydrotreating > > 14 | Hydrogen production 84 84 0.02
11 | Lube oilpolishing 15 15 3 Lubes 32 34 0.79
12 | Post hydrotreatingf FCCnaphtha 19 20 7 | Coke 17 20 0.2
13 | Other 9 9 23 | Sulphur 77 83 0.08
13 | Catalytic hydrotreating 309 309 4543 4 | Asphalt 57 63 177

Source[ 70, Oil & Gas 2010 ]
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Following the analysis of the type of procesdégurel.8 shows the capacity ranges for the
different processegound in European refineriesboth in thousands of barrels and as a
percentage of theorldwiderefinery baseAs can be seetthe ranges are quite largxplaining
again the diversity of type of refineries found Hurope For instance there exist huge
differences in the capacity of crude units or catalytic hydrotrea@nmller differences exist in
the coking processes and alkylation processes
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Figure 1.8: Capacity of the various processes in the EA27 refineries(0&GJ 2011)

There are various approaches to defiramgfinery complexity In some studies it is common to
distinguish between several types of refinery configuration acaprttin complexity (see
Annex8.1). The Nelson refinery complexity index was used for the constructidiigofel.9.
This classification is to define five different typafsconfiguration Other definitions are used in
the industrysuch as Equivalent Distillation Capacity as used by Solomon Associates

Figurel.9 tries to illustrate the variety of complexity of refineries witlinrope The Y-axis
represents refinery complexity calculated according to the Nelson refinery complexity index
[ 216, Johnston 19969. The X-axis represents the different Eldeuntries If the Y gap of the

EU+ refineriesis dividedinto four categories (less than93between 3 and less than .8,
between 6l and 84 and more than.8®), it can be seethat 18% of the refineries belong to the
lowest category30 % belong tothe second categargl % to the third and 1% to the group of

more complex refinerie€onsequentlysevenout of 10 refineries of the EU+ can be considered
as refineries with medium complexity

Even if there are stila number ofhydroskimming refinges in operation the most common
configuration inthe EU+ is the catalytic cracker configuration

@ Nelson developed a system to quantify the relative cost of components that make up a ieiineure cost
index that provides a relative measure of the construction costs of a particular refinery based on its crude and
upgrading capacityNelsonassigned a factor of 1 to the distillation umitl 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 1.9: Nelson complexityindex dispersionfor someEuropean refineries per country

Figurel.10 shows the distribution of the refineries in the EU+ accordintheir complexity
(NCI: Nelson complexity indexn 2005 and 2009112 CONCAWE?2011 ]

Number of refineries in the EU+ per complexity class
Source: CONCAWE 2011
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Figure 1.10: Distribution of refineriesin the EU+accordingto the Nelson complexity index
1.34 Employment in the European refinery sector

Accordingto Eurostat Manufacture of refined petroleum produe’ACE Rev2 group 192),

in 201Q the European refining industry employed about 023 peopt in the EU In addition

it can be considered that as masy400000 to 600000 jobs are directly dependent on the EU
refining industry[ 72, COM 2010 ]
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1.4

Main environmental issues in the refining sector

Refineries are industrial sites that manage huge amounts of raw materials and paodubisy

are also intensive consumers of energy and water used to carry out the gzrdoeiseir
storage and refining processesfineles generate emissions to the atmospttereater and to

the soil Environmental management has become a major factor for refinghesrefining
industry is a mature industnand pollution abatement programmes have been carried out in
most refineriesdr a long time to different extén As a resultthe emissions generated by
refineries have declined per tonne of crude processed and are continuing to decline

It is important to knowwith respect to the quality and quantity of refinery emissitre on a
macro scale the crude oils vary only tolimited extent in their compositionMoreover
refineries are often limited to a comparatively narrow range of crude oil Nietsially, when
switching from one crude oil to another within this rarigegevariations in refinery emissions

are not expectedConsequently the type and quantity of refinery emissions to the environment
are wellknown during normal operationdowever from time to time processing of crude oils
previously unknown to the refinegan have unforeseen impacts on the performance of refinery
processes; leading to an increase in emissidhgs is particularly likely to affectwater
emissions and to a lesser extent air emissions

1.4.1 Emissions to the atmosphere

According to available Eopean emission inventorigs 35, EEA 2009 ] oil refining is
responsible for a significant contribution to air emissions generated by industrial actimities
the particular cse of sulphur oxideghis contribution is significant (around%) evenwhen
observed at the level of the overall emissions by all human activities

Tablel.15 gives an estimation of the contribution of aihd gas refineries with regard to
emissions reported in 20@nd 2009n the European Union for some main parameters

Table 1.15: Contribution of oil refining to the EU-27 air emissions 20071 2009
Overall Emissions oil Partofoll | bt of all oil
L from - refining o .
emissions refining L emissions | refining
L the energy . emissions from o
Main air from roduction emissions the ener from all emissions
pollutants industrial P 20078 nergy industrial 2009¢)
o and h production and S
activities (kt) (#sites) activities (kt)
(k) use €) use (%) (#sites)
(kt) (%)
Greenhouse gase 158880 146745
(CO,-equivalent) 4638000 2201000 (105) 7.2 34 (100)
Carbo(r(‘:gg’”ox'de 27921 4634 58 (27) 13 0.2 55 (27)
Fine particulates | 1 g5 312 8 (44) 2.6 0.4 7 (40)
(PMyo)
Fine particulates
1266 224 11 4.9 0.9 -
_ (PMpg)
N'tro(?\leon C)’X'des 10939 3991 193 (110) 4.8 18 162 (105)
X
S“'p(hs“cr)x‘)’x'des 7442 6024 574 (111) 9.5 7.7 426 (103)
Volatile organic
compounds 8951 265 180(98) 67.9 2.0 138(93)
(NMVOC)
() This sector covers the production of energy from fossil fuels for power and heat generation and industrial manufaeRu
Sectors 1A1 and 1A2)
(%) Figures given for NFR Sector 1A1lb
Source E-PRTR data
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Power plarg, boilers heaters and catalytic cracking are the main sources of emissions of carbon
monoxide and dioxidenitrogen oxides (N¢), particulatesand sulphur oxides (SQ to the
atmosphere

Refinery processes require a lot of energy; typically more @@ of refinery air emissions
are related to the production of energy for the various processes

Sulphur recovery units and flares also contributtheseemissions Catalyst changeovers and
cokers release particulategolatile organic compounds (VOLsare released from storgge
product loading and handling facilitiesil/water separation systems ag fugitive emissions
from flanges valves seals and drain®©ther emissions to the atmosphere a8, NH;, BTX,
CS,, COS HF and metals as constinte of the particulates (Wi and others) Table1.16
shows a very brief summary of the main pollutants emitted by a typitaéry, with their main
sources

Table 1.16: Main air pollutants and their main sourcesemitted by refineries

Main air

pollutants Main sources

Process furnaceboilers gas turbines
Fluidised catalytic cracking regenerators
CO boilers
Flare systems
Incinerators
LNG plant GO, separation
Process furnaces and boilers
Fluidised catalytic cracking regenerators
CO boilers
Sulphur recovery units
Flare systems
Incinerators
Process furnaceboilers gas turbines
Fluidised catalytic crachig regenerators
Nitrogen oxides | CO boilers
(NO, NOy) Coke calciners
Incinerators
Flare systems

Carbon dioxide

Carbon monoxide

Nitrous oxide

Fluidised catalytic cracking regenerators
(N,0) yt greg

Process furnaces and boilgparticularly when firing liquid refinery fuels
Fluidised cadlytic cracking regenerators
CO boilers

Coke plants

Incinerators

Process furnaceboilers gas turbines
Fluidised catalytic cracking regenerators
CO boilers

Sulphur oxides | Coke calciners

Sulphur recovery units (SRU)

Flare system

Incinerators

Storage and handling facilities

Gas separation units

Oil/water separation systems

Fugitive emissions (valvelanges etc)
Vents

Flare systems

Particulates
(including metals)

Volatile organic
compounds
(VOCs)

Refining of Mineral Oil and Gas 29



Chapter 1

Carbon dioxide (CO,) is the greenhouse gas which receittesmost attention in theabate
about global climate chang&he main source of CQemissions is the production of energy
Since the first oil crisis in 1973efineries have made a concerted effort to enhance energy
efficiency. Despite these energy conservation measuedisery energy demand has increased
due to tightened product specifications and a shift over the years from producing heavy fuel oils
to transport fuelsThe fuel used for petroleum refining increased by abo 1% the EU27
between 1990 and 200Which represets the third largest key sourceciaase during this
period after road transportatiompublic electricity and heat productioBven if gaseous fuels
use has more than doubled since 1980id fuels still represented in 2007 over @of all fuel

used The Netherlands and Italy amith respectively 86 and 45 %, the two Member States
with the highest relative importance of €@missions from petroleum refining in their total
greenhouse gas emissions

Carbon monoxide (CO) always appears as an intediae product of the combustion
processesin particular in understoichiometric combustion conditiddewever the relevance
of CO releases from refineries is not very high compared to CO

Oxides of nitrogen (NQ&), when emitted to the airan combinewith water and form a
component 0 Furthér aN©,i ird combanation éwith volatile organic compounds and
sunlight can lead to the formation of groutel/el ozone The source of NQis mainly the
combustion processes; during the combustion of, fliglbgen (mainly originating from the
combustion air itself) is transformed to a mixture of Ndd NQ Combustion conditions play

an important role her&\,O (laughing gas) is a powerful greenhouse gas that contributes to the
stratospheric ozone depletion

Particulate emissions (PMhave become a focus of attention because of their potential adverse
health effectsin particular for the smallest particulate matter with an aerodynamic diameter
<10e mM(PMy- EN12341) and <&e m (.4 EN14907) Particuhte emissions are caused by
the combustion of fuel oilsespecially when there is suboptimal combustidmother
significant source is theatalytic crackerThe particulate content diazardousompounds€.g.
heavy metals and polycyclic aromatic hydrdars) is of primary interest grefining context

Sulphur oxides (SQ), when emitted to the gican combine with water and form a component
of 0 a ¢ iThe maimrsourcé of SOs the production of energy; during combustitime
sulphur in the fueis transformed to a mixture of $@nd SQ. Another sourcetypically
smallet is the fluegas from the sulphur recovery unifhere is a direct relation between the
sulphur in the feed to a combustion process and the sulphur oxides in igmgld&eneally
speaking the sulphur content of the refinery fuel pool is a careful balance between energy
required the type of crude processéhle emission limits and economic optimisations

Volatile organic compounds (VO@), as mentioned aboyean react witiNOy in the presence

of sunlight to form lowevel atmospheric ozon&urthermorethe emission of VOE€can give
rise to odour problemsvhich may result in complaints from nearby residemtse source of
VOC emissions is the evaporation and leakage ofdegtbon fractiongotentially associated
with all refining activities e.g.fugitive emissions from pressurised equipment in process, units
storage and distribution lossesd waste water treatment evaporatigpdrocarbons may also
be emitted during neoptimal combustion conditionbut theseareonly a small contribution

1.4.2 Emissions to water
Petroleum refineries consume water on a continuous basis to maintain the water balances in the
steam cooling water utility service waterand emergency fire vier supply circuitsWater is

also consumed for process and maintenance use purposes

The losses from the steam and cooling water circuits inchidere not limited to

30 Refining of Mineral Oil and Gas



Chapter 1

1 condensate purge;

i consumed steam;

1 evaporation;

1 cooling water purgeand circuitieaks

The losses from the emergency fire water supply circuits may include scheduled maintenance
purges water used to test and/atilise emergency fiefighting equipmentand circuit leaks

Some of the consumed steam that is input into processitgns/£omes o direct contact

with various fractions fohydrocarbons and substancé&he condensates resulting from these
uses are separated and exeddrom the processing syste@ondensates may be collected and
processed through a steam stripper ¢épasate and extract hydrogen pude (HS) and
ammonia (NH) from the water The stripped water may then be used for other refining
processessuch as crude desalting or water washing of process streams

The water used for process purposes such as desdting or water washing will cometan

direct contact with either crude oil or other various fractions of hydrocarbons and substances
Wash water and/or steam used to clean and purge systems for maintenance activities can also
generate waste water thas been in direct contact with these substances

Other sources of waste water inclubet are not limited to

water separated and removed from cruddgmiérmediateand product tanks;

storm watey utility service watersteam condensate and/orergency firéighting water

that comes ito contact with crude ailintermediates products additives chemicals

and/or lubricating oils in the drainage area,;

1 water originating from b#st water tanks of vessels lofiding or loading petroleum
based matgls;

1 routine and/or special waste seliquid separation activities;

1 routine and/or specigroundwateextraction activities;

1 water discarded from periodic tank and piping system hygsband metal passivation
activities;

1 water forsanitaryusage

1
1

Rainwaterfalling onto the site can also comedrontact with crude oil and various fractions of
hydrocarbons and substances due to entry into some tank sysemoedary containment

systems loadng and offoading areas for trucksailcars and vessa| production areas that

include equipment containing these substances and maintenance wark areas

Rainwaterfalling onto some noiprocess areas of the sieay have a relatively low risk of
coming into contact with materials and substararebsthereforenay not requirdreatment prior
to discharge into the environment

A refinery site therefore generags a collective mix of waste water streams containing insoluble
and soluble substancesich become pollutantsien released

Waste water treatmenedhniques are therefore applied to control the amounts of these
pollutants Treatment techniques are typically directed at reducing the amount of pollutants and
the oxygen demand exerted by the waste water before it is released

The main pollutant pararters include

total hydrocarbon content (THC);

Total PetroleumHydrocarbon index (TPlkhdex)

biochemical oxygen demand (BOD)

chemical oxygen demand (COD) total organic carbon (TOC);
ammoniacal nitrogerotal nitrogen

E I ]
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1 total suspended solids (TSS)
1 total metals

Other pollutant parameters include

cyanides

fluorides phenols

phosphates

specific metals such as (i, Hg, Pb andvanadium
benzeng

toluene ethylbenzene and xylene (TEX)
sulphidesand other micrgpollutants

= =4 =8 =8 =8 =8N

Tablel.17 provides a summary of some of the main water pollutants and their sources within a
refinery.

Table 1.17: Main water pollutants (parameters) generated by refineries

Water pollutant Source
Distillation units hydrotreatmentvisbreakey catalytic cracking

Oil hydrocrackinglube oil, spent caustidallast waterutilities (rain)

H,S (RSH) Distillation _units hyd_rotreatmer;tvi_sbreake,r catalytic cracking
hydrocrackinglube oil spent caustic

NH3 (NH,") Distillation _units hyd_rotree_ltmer;tvisbreake,r catalytic cracking
hydrocrackinglube oil, sanitary blocks

Phenols Distillation units visbreakey catalytic cracking spent caustic

ballast water

. . Distillation units hydrotreatmentvisbreaker catalytic cracking

Organic chemicals . . ) L
hydrocracking lube oil, spent caustic ballast water utilities

(BOD, COD, TOC) . X
(rain), sanitary blocks

CN, (CNS) Visbreakey catalytic crackingspent caustidallast water
Distillation units visbreakey catalytic cracking spent caustic

TSS .

ballast watersanitary blocks

Amines compounds| CO, removal in LNG plants

Source[ 166, CONCAWE 1999 ]

Refinerywaste water treatment techniques are mature technapgemphasis has now shifted
to prevention and reduction of contaminated waste water streams to the final treatment units

Table 1.18: Evolution of some water pollutants releasg from refineries
E-PRTR data Tonnesl/| Num_ber Tonnes/| Num_ber Tonnes/| Number
year | ofsites | year | ofsites | year | of sites
2004 2007 2009
TOC 6475 42 7951 42 6074 41
Phenols 45 56 59 59 42 59
[Total Nitrogen 2769 25 2245 20 2103 21
Total Phosphorug 133 10 201 12 99 11
Source[ 74, EEA 2010 ]
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1.4.3 Waste generation

The amount of waste generated by refineries is small if it is compared to tumtaof raw
materials and products that they proc8sble1.20 shows thegeneraibn and different waste
routes according tothe European Pollutant Release and Transfer Regi&Ed?R{TR
declarations

Oil refinery waste normally covers three categories of materials

| sludgesboth oily .g.from tank bottoms) and neoily (e.g.from waste water treatment
facilities);

1 other refinery wastesncluding miscellaneous liquicsemiliquid or solid wastese(.g.
contaninated soil spent catalysts from conversion processig wastesincinerator ash
spent causticspent clayspent chemicalscid tar) and;

1 nonrefining wastese.g.domestt, demolition and construction

Tablel.19 shows a summary of the main types of solid wastes generated in a refinery and their
sources

Table 1.19: Main solid wastes generated by refineries

Type of waste Category Source

Tank  bottoms biotreatment  sludges
Oily sludges | interceptor sludgeswaste water treatmer
sludgescontaminated soilslesalter sludges
Contaminated soilil spill debris filter clay
Solid materials | acid, tar ragsfilter materials packing lagging
activated carbon

Fluid catalytic cracking unit catalys|
hydrodesulphurisation/hydrotreatment)
catalyst polymerisation unit catalystresidue
conversion catalyst

Resins boiler feed water sludgesiesiccants
Other materials | and absorbentsieutral sludges from alkylatio
plants FGD wastes

Oiled materials

Spent catalyst
(excluding

. . recious metals
Non-oiled materials P

Drums and containers Metal, glass plastig paint
Radioactive wast@f used) Catalystslaboratory waste
Scales Leaded/unleaded scaleast
Constuction/demolition Scrap metal concrete asphalt soil, asbestas
debris mineral fibres plastic/wood
Laboratory causti¢ acid additives sodium
carbonate solvents MEA/DEA

Spent chemicals (mono/diethanol aming) TML/TEL (tetra

methyl/ethyl lead)

Pyrophoric wastes Scale from tanks/process units
Mixed wastes Domestic refusgvegetation
Waste oils Lube oils cut oils transformer oilsrecovered

oils, engine oils

Source[ 161, USAEPA 1995 ]
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Table 1.20: Wastegeneraion declaration
2007 2009
Waste types Waste route§ Thousand |[Number| Thousand |Number
tonnesyr of sites | tonnegyr of sites
Hazardous waste in country Disposal 294 103 405 105
Recovery 306 98 372 103
Hazardous waste outside the courj] Disposal 3 5 4 3
Recovery 34 30 19 23
Non-hazardous waste Disposal 372 60 262 59
Recovery 538 61 500 64
TOTAL 1547 1562
Source E-PRTR and CONCAWE datz007%2009

Oil retained in sludges or other types of waste represents a loss of produweharelpossible
efforts are made to recover such Wilaste disposal depends very much on its composition and
on the local refinery situatiorBecause of the high oping costs of waste disposahuch
priority has been given to waste minimisation schemes

Waste generation trends show that oily sludge production is degclimiainly through
housekeeping measureshereas biological sludge generation has increased eesult of
increased biotreatment of refinery efflueBpent catalyst production is also increasing through
the installation of new hydrocrackerbydrotreatment facilities and catalytic cracker dust
collectors For all these waste categorigxreasedise 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 Cossesst
refinery practices are designed to prevepillages and leaks to the ground the pastthe
awareness of the potential risks of these contaminated areas wadh#two mainssueshere
are the prevention of new spills and the remediationthe remedial controbf historic
contaminationAs mentioned within the scopeoil remediation is not included in the scope of
this document

The main sources of contamination of soil and groundwater by oil are typibadlg places
along the handling and processing train of crude to products wherechyllons can be lost to
the ground These are commonly associated with the storagesfer and transport of the
hydrocarbons themselves or of hydrocaroontaining waterThe possibility of contamination
by other substances such as contaminated yveaiiedysts and wastes also exists

1.45 Other environmental issues

Besides the environmental issues mentioned in the above sedspesially for refineries

situated near residential are@gmvironmentalnuisanceshave become an issue of discussion

with bah local authorities and with representatives of the local population -calkEd

neighbourhood councilJopics such as noiskght, smoke emission (flaring) aretour which

directly impact the residents receive much more emphasis in these neighbaotiooits than

the aboveme nt i oned 6émaj or 6 emi ssions which tended to r

Aggravationby light can be caused through flaring at night by refineries and petrochemical
plants located near densely populated areas
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A potential environmental issue regarding heat discharged biyngowater tothe sea or rivers
may also be considered

Occupational health is included in the operational safety procedures aimed at protecting workers
from exposure to toxic materials and providitgem with all necessary facilities which
contribute to their welbeing and their sense of security and safltstructions information
exchange and the training of persontied provision of personal protection equipmerst well

as strict adherence stringent operational proceduréave contributed to a steady decrease in
accidents and health incidentBypical refinery pollutants and products with a health risk
include hydrogen sulphid8TEX (of which benzene is the most promineathmonia pherol,

HF, NOx and SQ, for which legally binding maximum acceptable concentrations values
prevail

The design of the refinery installations and the process control systems need to include
provisions for a safe shutdown with minimum emissions from the iomiilved During
unplanned operational upsetisese provisions should guarantee that feed supply is terminated
followed by subsequent pmrogrammed automated activation of pumpslief systems
purging systemdlares and other equipmerExamples of sth occurrences are utility failure

the breakdown of equipmera fire or an explosianEmergency situations leading to direct
spills occurring in parts of the plant which are neither fully contained nor fully autonsaisd

as pipeline and tank bottompture have to be addressed with standing emergency procedures
Such procedures should aim at the minimisation and containment of thefsljiilsed by the

rapid clearup, in order to minimise the environmental impact
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2 APPLIED PROCESSES AND TECHNIQUES

This chapterdescribes the major activities and processes that may be found within the natural
gasplant sector and the petroleuefining industry including the materials and equipment used

and the processes employdthis chapter is designed fdrose interested in gaining a general
understanding of the processes and activities that can be found in these two industrial sectors
and forthose interested in the interrelationship between the industrial process and the topics
described in subsequent chexst of this documentvhich includeemissiois, consumption and

best available techniques for the different procesBais chapterdoes not attempt to replicate
published engineering information that is available for this industry in the general literature

The major production unit operations and activities typicadigried out inpetroleum refineries
arebriefly describedin alphabetical ordefFor many of these production operatipasiunber
of different techniques anal/ unit operations are used the industry While the major
techniques used for each process/activity are descitifsedntention is not to describe all the
different processes currently in us€his chapter specificallydescribes the purpose and
principles of the processs feed andproduct streamsand a brief process description of
commonly used production processes/adtigsiand operability This information coupled with
schematic drawings of the identified procesggsvides a concise description of tredevant
procesedactivities

The first section is dedicated to a general technical description of refintrgesubsequent
othersections cover all the processes and activities within the scope of the BiREprocesses
related tonatural gas plants are included in ondeipendent sectionSéction2.17). These
sections do not pretend to be of equal importance from the environmental impact point. of view
Some sections have more relevance than qthaus this gproach allows forclearer
presentation ofhe BAT assessment for the mineral oil and gas refinery sebtorpollution
abatement technigseare included in this chapter However some of the processes.§.
hydrotreatments) have an environmental aspBowironmental impkations of production
techniques can be found in Chapteb&cussios on good environmental practices (prevention
techniques)for production techniques can be found in ChapteiAd a consequenceno
information about emissioris generallypresentedn Chapter 2 Information on for instance
flares sulphur recovery unitsvaste water systems and waste management is not included in
this chapter because Hweactivitiesare not considered production activitidey are security

or environmental technigs that are applied in both sectors
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2.1 General overview of refinery processes

Crude oil and natural gas are mixtures of many different hydrocarbons and small amounts of
impurities (see Annex8.2.1). The composion of theseraw materials can vary significantly
depending on the sourdeefineries are complex plantshere the combination and sequence of
processes are usually very specific to the characteristics of the raw materials (crae oil
natural gasarnd the products to be producdd a refinery portions of the outputs from some
processes are fed back into the same prodedsto new processefed back to a previous
process or blended with other outputs to form finished prod@cie example of ik can be

seen in Figure2.1, which also shows thatefineries areall different regarding their
configuration process integratigrfeedstock feedstock flexibility products product mix unit

size and design and mivol systemsin addition differences in owner strategyarket situation
location and age of the refineryhistoric development available infrastructure and
environmental regulation are among other reasons for the wide variety in refinery concepts
designs and modes of operatio®iven these differencest is hardly surprising thathe
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 operatideverthelesssome refineries
alsoproduce valuable nefuel productssuch as feedstocks for the chemical and petrochemical
industries Examples are mixed naphtha feed for a steam cragaavered propylendutylene

for polymer applications and aromatics manufacture covered under the Large Volume Organic
Chemical Industry BREF 85, COM 2003 ] Other speciality prducts from a refinery include
bitumen lubricating oils waxes ancdhigh-gradecoke for industrial use Some refineries may
evenbe dedicated to the productiohthese products

The efining of crude oil into usable petroleum products can be separgtetivio phasesand a
number ofsupporting operations

The first phaseis the desalting of crude oil (Secti@rB) and the subsequent distillation into its
vari ous C 0o mp o n etn(Bestion@.49. A furtheerc distillatiors of the lighter
components and naphtha is carried out to recover methane and ethane for use as refinery fuel
LPG (propane and butanejasolineblending components and petrochemical feedstothis

light product separation is done in every refinery

The second phasés madeu p of t hree di f f e dpotessi.e.prgairgy of O6downs
combining and reshaping fractionsThese processes change the molecular structure of
hydrocarbon moleules either by breaking them into smaller molegylising them to form
larger moleculesor reshaping them into higher quality moleculEse goal oftheseprocesses

is to convert some of the distillation fractions into marketable petroleum prodwss (s
Section8.2) through a combination of downstream proces3dwse processes define the
various refinery typesof which the simplest is thed hy d r o s k whithimergly
desulphurises (Sectiof.13 and catalytically reforms (SectioR.6) selected cuts from the
distillation unit The amounts of the various products obtained are determined almost entirely by
the crude comgpsition If the product mix no longer matches the market requirements
conversion uniteanbe added to restore the balance

Market demand has for many years obliged refineries to convert heavier fractions to lighter
fractions with a highecommercialvaue. These refineries separate the atmospheric residue into
vacuumgas oiland vacuum residue fractions by distillation under high suction (Sectidjy 2

and then feed one or both of these cuts to the appropriate conversianThogsby the
inclusion d conversion unitsthe product slate can be altered to suit market requirements
irrespective of the crude typ&@he number and the possible combinations of conversion units
are large

The simplest conversion unit is the thermal cracker (Se&ig, by which the residue is
subjected to such high temperatures that the large hydrocarbon molecules in the residue convert
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into smaller onesThermal crackers can handle virtually any fdmat produce relativelyrsall
quantities of light productAn improved type of thermal cracker is the coker (Sec®dh in
which all of the residue is converted into distillates and a coke prottuotder to increase the
degree ofconversion ando improve product qualitya number of different catalytic cracking
processes have evolvedf which fluid catalytic cracking (SectioB.5 and hydrocracking
(Section2.13 are the most prominenRecently residue gasification processes (Sectoty)
have been introduced within refinerjeshich enable refineries to eliminate heavy residues
completely ando convert them into clean syngas for captive usetangroducehydrogen
steam and electricity via combined cycle techniques

Supporting operations arethose not directly involved in the production of hydrocarbon fuels
but that sene a supporting roleThey may include energy generatiavaste water treatment
sulphur recoveryadditive productionwaste gas treatmernitlowdown systemshandling and
blending of products arttie storage of products

Table2.1 summarises the main products obtained from the main refinery procéssean be
seen many of the products are obtained from different uiitss is one aspect of the technical
complexity and the variety of modes of operation taatbe found in a refiery.

An overview of the general schemef a complex refinery is provided iRigure2.1. This
figure can be used as a sysigpof Chaptes 2, 3 and 4 of thisdocument For each of the
displayed units or processésprovides in particular (in red)the correspondimsection number
which is usedover these three chapteecording to the general structure given in the Scope
section
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Figure 2.1: General scheme of a complex oil refinery
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Table 2.1:

Refinery units and their main products

Product s
refinery units

Y

Section

LPG

Gasoline

Kero/naphtha

Heating oil/diesel

HFO

Base oil

Coke/bitumen

Special

Carbonnumberrange

Alkylation

Base oil production

CoCy |

o
B
§N

C8' Cl 7

CB' C25

>Co

>Cys

0

Bitumen production

Catalytic cracker

Residue cracking

\

§

Catalytic reforming

Delayed coking

Flexicoker

Gasification

o

_W

Waxes White
Oil, Extracts

Bright Stock

Ha

&\\\\\\\\\\\\\\\\\\\\\\\\\\\Q

Low joule gas

Syngas

Etherification

Gas separation processes

Hydrogen plant

MTBE

Refinery fuel gas

Residue kdroconversion

Hydrocracker

Hydrodesulphurisation

Isomerisation

\\\\\\\\\\\\\\\\

Crude atmospheric distillation

Vacuunm distillation

Thermal cracking/Visbreaking

Sulphur recovery unit

-
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2.2  Alkylation

Purpose and principle

The purpose of alkylation is to yield higjuality motor fuelafter blending The term alkylation
is used for the ®ction of olefins with isobutanéo form higher moleculaweight isoparaffins
with a high octane numbefThe process involves lotemperature reaction conditions
conducted in the presence of strong acids

Feed and product stream

Low molecular weight ofins (C;-Cs) and isobutane are used as alkylation unit feedstdties
major sources of low olefins are catalytic crackers and coksobutane is produced by
hydrocrackers catalytic crackes, catalytic reformers crude distillation and natural gas
processing In some casem-butane is isomerised (see Sect®i§ to produce additional
isobutane The product is alkylate (a highctane gasoline component) with some propane and
butane liquidsBy proper choiceof operating conditionamost of the product can be made to
fall within the gasoline boiling rang®issolved polymerisation products are removed from the
acid as thick dark ail

Process description

Two processes have dominated historicallyth hydrofluoric acid HF) or sulphuric acid
(H2SOy) used as a catalydavhen the concentration of acid becomes,ls@me of the acid must
be removed and replaced with fresh a8dfety incidents and accidents in HF urter the
yearshaveled to changes

1 Sulphuric acidhasdominatedn new investments since 1980

1 Additives are now available to reduce the HF volatility and several mitigation systems
have been develop&d improve safety

1 Solid-acid catalyst alternatives havwmproved in later years but industrisites havenot
yet reported successful stay or operational result$he Baku Heydar Aliyev Refinery
(Azerbaijan)[ 75, OandG Journal 2011 delected asolid-acid alkylation unit for thér
basic designA solid-acid catalyst alkylation unit is under construction at the Shandong
Petrochemical Group Company (China) for a stigrtin 2014. Several available
commercial processes are describefention6.2.1.3

1 lonic liquid technology ha$een the subject of new patents and developmen#s
65000tonnes per year plant in China has been retrofitted and pagtae successful
results (se€hapter6). There are also techniques to faatie the retrofiing of a HF plant
into a HSO, unit.

Safety and environmental concerns are extremely important when choosing an alkylation
technology HF is specifically hazardous due to possible skin penetrationdasiuction at
tissue levels dnd pulmonary oedema)ln Section 4.2.3 the tradeoff between process
alternativess described

In the hydrofluoric acid process the acid slipstream is redistilled The concentrated
hydrofluoric acid is recyck® and its net consumption is relatively low this process
(Figure2.2), the feed enters the reactor and is mixed withrédogcledisobutane and HF from
the settlerBoth the olefin and isobutane feeds are dedigd first (noshownin Figure2.2), as
this is essential to minimise the potential corrosidre reactaropeating at 25 45°C and7i
10barg is cooled to remove the heat generated by the readtiotne ®ttler, alkylate and
excess isobutane are separated from theTHE HF is recycled to the reactéy slipstream is
regenerated by distillatiomhe organic phase from the settleonsisting of the alkylate and
unreactedisobutene flows to the isostrippe There the isobutane and some other light
components are stripped from the alkylathis is routed as product to storage after treating it
with potassium hydroxiddKOH). The decomposition of any organic fluoride formed is
promoted by the high tube WwaemperaturesSaturated butanes are normally distilled outside
the alkylation unit to produce a concentrated stream of isohutdmeh is fed to the alkylation
unit with the olefin feedThe isostripper overhea@ssentially isobutanes returned to th
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reactor A small overhead slipstream is sent to a depropanigesre propane is removethe
bottoms of the depropanisésgbutang are routed to the isobutane circulation streahile the
depropaniser overhead stream (propane) passes through appErgin remove traces of HF
and is sent to storage after final KOH traaht Normal butanes which come in with the unit
feedstreamsare drawn off as a sidgream from the isostrippareated with KOH and sent to

storage

T $
RN C{ <E
y
Settler ISO stripper (
N N 4
B HF stripper
Reactor \ | - | | | F-
25-45°C HF —>
7-10 barg regenerator epropanjiser
Flue gas
HF make-up —» Fuedss
4
Y| Ly
( j Fuel
N v ¢ ﬁ— Propane
. Acid tars A » Alkylate
Olefin y to neutralisation L\
feed and_incineration g 7 ) » N-butane
Saturate
feed (butane)
Figure 2.2: Simplified process flow scheme foa HF alkylation unit

In the sulphuric acid process(seeFigure2.3), the aim is to produce higbctane branched
chain hydrocarbons fahegasolne pool The process combines olefin amatylene feeds in the
presence of strong sulphuric acithe feed contastthe recycle stream of 80, in the reactar
The eactor @culation stream enhanse large interfag area at low temperatusé4 i 15°C).
Reaction products are first separatedaifiash dum and then through a debutarisOn-site
acid regeneration is algmssible(i.e. WSA technique)
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Figure 2.3: Simplified process flow scheme for sulphuric acid alkylation

The AlkyCleansolid-acidprocess i€overedas an emerging techniqueChapter6.
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2.3 Base oil production
Although only 20% of EU refineries produce base,@bme actually specialise in it
Figurel.7 and the associatethble (in Chaper 1) identify the refineries specialised in the

production of lubricant and bitumeMore extensive information about the processes can be
found in the general literature.f.[ 231, Sequeira 1998)]

Purpose and principle

Lubricants are a blend of different grades of base oils and special additivgsoduce a
suitable lubricantcertain properties of the base oil are very importastosity, viscosity index
(VI: ahigh VI means that the viscosity changes very littléhetemperature changesnd vice
versa) high resistance to oxidatipnow pour point and good dope susceptibility or
compatibility.

Base oil is a speciality product and consequently not all crudesiitabls Heavy crudes are
frequently used as feedstoflir conventional base oil complexedew processes basen
catalytic hydrogenation reactions enable a wider variety of feeds

Feed and product stream

The feedstocks of a conventional base oil compmes waxy distillate sidstreams from
vacuum distillation unit§Section2.19 and the extrastfrom deasphalting unit#Atmospheric
residue feedstock to the vacuum distillation unit coasiétvarious typesof hydrocarbon
compounds with different suitability for base oisgy:

1 Aliphatic or paraffinic : Normal (n)paraffins and iso {jparaffins form this grouprhe
n-paraffins have high VI and melting poinsnd at ambient conditions form crystals
which rust be removed to reduce the pour point of lulingaoils. I-paraffins have
lower melting pointsvery high VI but lower viscosity.

| Naphthenic: The naphthenic rings lend high viscosayow melting point and a good VI
(less tha paraffins) to lubricamoils.

1 Aromatic: The aromatic rings lend high viscosity amtbw melting point to compounds
but a low VI to the oilsFor this reasorthey are considered the least satisfactory type of
compounds for lubricantd'he ratio in which the three groups aregent varies from
crude to crude

New industrial facilitiescan also use natural gasedfeedstock (gsto-liquid processes)

The American Petroleum Institute (API) has developed a base oil classification system which
categorises s oils into five mjor groups classified on the basis dhe following three
criteria

1 The percentage of saturatéhe higher the number of saturagtdee better the resistance
to breakdown or loss of viscosity)

1 The sulphur content (the lower the sulphur contéim better the puritythus the product
is less corrosive and there is less potential for oxidation)

1 Viscosity inegx (the VI is an indication of the rate of change of viscosity against
temperatureand the higher the Vthe better) The viscosity is the oitesistance to flow
and shearlt is the single most critical physical property of the ag it affects both the
wear rate and the fuel efficiency

The five groups defined by the API are

1 Group I Contains less than 3% saturates and/or greater thal3 % sulphur and haa
VI betweer80 and120 Demand isaround65 %, with a decreasingrend
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1 Group It Contains more thaf0 % saturates and less than or equd.@3 % sulphur and
hasa VI from 80to 120 The cemand isaround25 % andtends tago up.

1 Group Il (known asunconventional base oils UCBO): Containsmore than90%
saturates and less than or equal0td3 % sulphur and has VI of more thanl20.
Grougs Il and lloils are made by the same procdss for group lll, the VI is increased
by higher temperaturein the hydrocrackeror by appropriate crude selection as a
feedstock Group Il advantages ovegroup | and Il base oils are thitis morefuel-
efficient, has longer drain intervalgs environmentally friendly anis engineprotectie.
Demand isaround10 % with agrowingtrend

1 Group IV: Synthetic base oils

1 Group M All other base oils

Process description
The markeplace isconstantly seekingew lubricantswhich in turn requireanevenhigher base
oil purity, higher viscosityndex, lower volatility, and longer life

There are many possible routes for improving base oil qualdityextending the product variety
among the mia four following process famgsincluding

Separation byalventbased processes
Solventbased pocessesim toremove the different impurities from the feedstbglextractng
the undesired components

Conversion by hydrogenatidrased processgdl 37, Szeitl et al2008 ]

The hydrogen conversion (HC) and catalytic dewaxi@p{V) technology convertandesired
components directlynto end productsThe base oils aréydrofinished at higher pressure
(>100bars) than the aroun®B0 bas pressure applied in conventional manufigicty. This
technology has significantly lower operational sdait a substantial initial investmentt can
process a wider range of feedstotkit has a much narrower product rangempared to
solventbased productiofe.g.Bright Stock the upper endfaroup | base oilspecification It
produce noncacinogenic naphthenic base oils areimowes impurities such as itnogen
sulphur or oxygenated compounds

Converting tchydrogenbased processeblybrid [ 252, Ullmann's 2012 |

Lower hydrogerusage may lead to lower operational so$here are many combinations for
revamping or debottleneckiraxistingunits Operators can run the alternatin@utes in parallel
plantsor can haveupstream units based dwydrogenatiortogetherwith downstreansolvents
basedones The oppositecombinationis generallynot viable becausthe CDW catalyst can
only receive low nitrogen and sulphur content (Rigassure hydrotreated) feedstock

Gas to Liquid/GTL)

Liquefaction of natural gas and the chemical reaction nvetre developedn the basis of the
Fischef Tropsch processThis process creates higjuality liquid products and paraffin wax
High VI oils can then be obtained from nalugas by paftl oxidation polymeriation and
isomerisationThe GTL processprovidesproducts with highbiodegradability andhe absence
of sulphut nitrogen and aromatics compoundat a global level GTL is still anew industry
with a limited number bcommercially operative plant®A number of GTL plants are in
operation in South AfricaSasol 8 Mt/yr, PetroSA 1 Mt/yr), in Qatar SasolQatar Petroleum
Oryx: 1.7 Mt/yr), and Malaysia $helt 0.6 Mt/yr). Global GI'L capacityis expectedo increase
to more than25 Mt/yr by 2015 More than 5@% of the global GTL capacity will be in Qatar
(new construction units for aboR0 Mt/yr additional capacity] 273, O&Gas Journal 201Q ]

The appropriate options to produce himymlity baseoils depend on the refinery's crude oll
processing flexibility the existing units andthe capitatcost toleranceThe new higher quality
base oil refining processes have the lowest cost of proaguctiese new base oil plardase less
crudesensitive offer synergy with fuels strategprovide high quality and more valuable base
oils together with better yieldrheir drawback is the lack of heavy cut base stottierefore
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there is a need to keeplgent technologies as welMlany European base oil plants are more
than 30 years olcdind most of thee usesolventbased processes

" Fuel uel
A A
Refining De waxing Finishing
Hydrotreatment : ST
4y oF (g Catalytic Distillation
o o  dewaxing 5
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Figure 2.4 Block scheme of a lubricating oil manufacturing plant with a combination of

process optionaunits

Each of the process stegisown inFigure2.4 are described belaw

(1) Solventdeasphalting

1
1

Target Extracting high-boiling lighter paraffinic and naphthenic hydrocarbons
(asphaltenes and resins) from the vacuum distillation unit residue

Operations Propane or propargutane mixtures are usually used as solvengpecific
operating conditions (3i7 40 barand407 70°C). A typical extraction process consists
of an extractor and recovery sectipfiash evaporation and strippinylore recently
solvent deasphalting has been adapted for the preparation of catalytic cracking
hydrocracking hydrodesulphurigefeeds and hard bitumen (deep deasphaltirg) these
purposes heavierthanpropane solvents (butane to hexane mixture) are, usgdther
with higher operating temperatures

Feature: Propane from the loypressure or stripping section can be recovearigan the
process by distillation and strippingvith a corresponding energgonsumption)
Remaining traces of solveate very ofterused as a fuel gas

(2) Solventbasedaromatic extraction [ 253, CONCAWE 2012 ]

1
1

Target Removung aromatics from base oil feedstocksproving viscosity oxidation
resistancecolour and gum formation

Operations Different solvents can be used (furfyur&dl-methyl2-pyrrolidone (NMP),
pheno] cresol or liquid sulphur dioxide) These processeare typical extraction
processes consisting of an extractor and recovery sectiditesh evaporation and
stripping to separate the solvent from thermh raffinate and aromatigch extract
stream Typically, feed lube stocks are contacted with the solvent in a packed tower or
rotating disc contactoBolvents are recovered from the oil stream through distillation and
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steam stripping in a fractionatdrhe raffinate stream isin downto intermediate stage
The extractafter solvent recoveryis likely to contain high concentrations of sulphur
aromatics naphthenes and other hydrocarbomsd is often fed to the hydrocracker or
catalytic crackerunit. Depending onthe different physicechemical propeies (e.g.
boiling and melting pointsdf the applied solventsthe physical design and construction
of the aromatic extraction units are differéiniling pointfor NMP: 202°C,; for furfural:
162°C. Melting pointfor NMP: -23.6 °C; for furfural: -37 °C)

FeaturesProcess designs need to consider many fadtdingnthe solvent volumén the
process can be reducéelss energy consumption for evaporationeaededNMP is more
corrosive than clean furfuraFurfural tends to degrade and coke within thegess
raising solid wasteThe waste water from aromatic extraction can be treated separately
before leaving the uniOperating this pretreatmerihe solvents are recovered and kept
in the systemin recent yearsseveral furfural extraction plants feabeen converted into
NMP plants and even phenol plants haadower priority NMP is a less toxic solvent
and can be used in a low solvotil ratio with high selectivity This generates
significant energy savingNMP in new plantsgenerallyresultsin physically smaller
units and thus lower capital expenditure

(3) Solventdewaxing[ 253, CONCAWE 2012 ]

)l
)l

Target Ensuringthat the oil ha the proper viscosity at lower amhietemperatures
Paraffins are removed
Operations Feed is diluted with solvent to lower the viscosithilled until the wax is
crystallised and then filtered to remove the we&olvents used for the process include
propane and mixtures of methyl ethketone (MEK) with methyl isobutyl ketone
(MIBK), toluene or chlorinated hydrocarbgrssich asa mixture of 12-dichloroethane
and dichloromethane (EWle). The solvents are chosen according to the focus of the
dewaxing process
o When aimingto remo\e parafinic compounds from the feedstock in order to achieve
high yields of base qih mixture of MEKfoluene or MEK/MIBK might be chosen
o When aimingto produe@ specific oil and wax qualities with special product
requirementsthe preferred solvent is a {Me mixture. The chlorinatd solvents used
in the dewaxinffle-oiling process usually are.Zdichloroethane (DCE) and
dichloromethane (DCM)The mixture (DiMe) varies from 820 to 2@80, according
to the feedstock to be treated
o When theunitsaredesignedo deaoil slack wax of various qualitiea single solvent
1.2-Dichlorethaneis generallyused
Features Solvent is recovered from the oil and crystallised wax through hedtitog
stage flashingfollowed by steam strippingrhe wax is removed fronhe filters melted
and subsequently fed to a solvent recovery unit tars¢gp the solvent from the wax

(4) High-pressure hydrogenation unit

1

Target Stabilising the most reactive components in the basgimibroving the colour,
and increasg the usefullife of the base 0ilThis process remogesome of the nitrogen
and sulphurcontaining molecules bus not severe enough to remove a significant
amount of aromatic moletes

Features Adding hydrogen to the base oil at elevated temperatures in ¢senme of
catalyst Hydrotreatingrepresents onlg small improvement in base oil technology

(5) Hydrocracker

|l

Target The molecules of theekd are reshaped and often cracked into smatles: A

great majority of thesulphug nitrogen and aromatics arremovedMolecular reshaping

of the remaining saturated species occurs as naphthenic rings are opened and paraffin
isomers are redistribute@Produces fuel antbase oil; higher purity than solvebésed
process; lower aromatic content

OperationsAdd hydrogen to the base oil feed at higher temperatures and pressures than
simple hydrotreatingThe processsidriven by thermodynamigswith reaction rates
facilitated by catalysts
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1 FeaturesSince 1995more than 506 of new plants use this technologhhe return on
investmenis fairly quick since the fuels are sold almost immediately

(6) Catalytic dewaxing
1 Target As an #ernative to solvent dewaxing@specially for conventional neutral qils
catalytic dewaxingemoved rparaffins and waxy side charfrom other molecules by
cracking them into smaller molecul@his process lowered the pour point of the base oil
so that it flowed at low temperaturdike solvent dewaxed oilsSince 1995more than
half of all new base oil manufacturing plants haw=rb built or are planned using
hydrocracking technologyA number of different atalytic dewaxingrocessebave been
developed andbased on appropriate catalysts (generally zeoliteperform three main
classes of chemical trdormations aiming at inceasing the Vliand good low
temperature characteristics
o0 Ring conversion opening the heterocycle into a more aliphatic structurethigy
ejection of heteroatonmuch as nitrogen oulphur embedded in structurally hindered
rings, ring dealkylationof muttiring hydrocarbons
o Paraffins conversionthis step can be performed by a family of processes
involves the boiling point conversion of the paraffin components of waegs by
selective hydrocrackingr by selectivehydroisomeristion
0 Saturation to ensure the oxidative stability of bastecks a sufficient extent of ring
hydrogenation (saturation) is needed
1 Operdions With suitable catalysist enable the use of cheaper feeds and produighk
value C5 byproducts Different reaction arrangesnts are availableand subsequent
process combinations are possible
1 FeaturesAbout90 refineries in the worldse this process

(7) Lube unit

1 Target Lube unit converts the vacuum gas oil to low pour pdiigh VI stable lubricant
base oilsmainly by crackinglow-VI components andaturatingaromatics

1 Operations The process takes plaaehigh pressure and temperatuvith hydrogen and
a catalyst The feed is processed over ditk bedreactors The products are then
fractionated imadistillation section where olumns are reboiled with hot oil

(8) Hydrofinishing

1 Target In this unit the colour and colour stabilitgre improved and the organic acid
components are removeslulphur content is also reduced

1 Operations The design and operation d@his unit is similar to that of a normal
hydrotreater unit (Sectic213.

1 Featuresin standalonebaseoil refineries the small amounts of 43 generated due to
hydrotreatment are normally incinerated orriiuas a component of fuéla Claus unit is
generally not availableThe need for hydrofinishing depends on the crude oil processed
and to a certain extent on the patent owner and the design of the preceding units

(9) Clay treatment

Instead of hydrottment sulphuric acid and clay treatments may typically be used in old
plants Additional finishing with absorbents (bleaching clayauxite)may beusedwith certain

oils specifications €.g. for transformers refrigerators or turbines. The filtration process
represents additional complexity and tesiduesieed to be appropriately disposedl of

(10) Distillation

Depending on theupstream process selectesbme baseoil complexes may need a final
separation of products with a fractionation traihis is normally done with several distillation
columns potentially under vacuunthat may also withdraw some remaining impurities

Reference literature
[ 76, Hydrocarbon processjy 2011 ] [ 137, Szeitl et al2008 ], [ 251, Credit Suisse 2012 ]
[ 252, Ullmann's 2012 ] 273, O&Gas Journal 2010 ]
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2.4  Bitumen production

Bitumen is a residue derived from certain crude odlg.(Middle East Mexico or South
America) after vacuum distillation has removed waxy distillaBdgimen is normally mixed
with other componentse(g.gravel) to produce asphalt that is used in road pavagf coating
and pipe sealing or coatinBitumen production only appears in some refineries ¥46f the
EU refineries) There are also some refineries that specialise in prodtieésgcomponents
Figurel.7 (in Chapter 1)and the associated taltientifies he bitumerspecialised refineries

Purpose and principle

The desired properties of bitumen may be achieved either by adjditiigtion conditions or

by 6 bl lothe lattgrgprocessir is blown into hot bitumen causing dehydrogenatioth an
polymerisation reactions and creatiagharder product with higher viscosityigher softening

point and a reduced penetrati¢hhe penetrationoften used as the main criterjorfers to the

depth of penetration by a standard needle in a bitumen samplandarst conditions)The
properties of the blown bitumen are determined by the residence time in the oxidation vessel
the air rate and the liquid temperatufeany of these parameteaseincreasedthe penetration

is reduced and the softening temperatsrraised

Feed and product streams

In most applicationsthe hydrocarbon feed stream to a bitumen blowing unit (BBU) is the
bottom residue stream from a vacuum unit (SecBd®) and in some instances thesidue
(extract) from a deasphalting unit (Sectidf).

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

Polymer additives Styrene Butadiene Styré88S) Ethylene Vinyl AcetatdEVA), Natural
rubber etc are used for heavy duty service bitumen productiimeey do not chang¢he
chemical structure of the bitumen but change its mechanical propditiegolymers modify
the bitumerés properties such as the softening or brittlenedat,pand aim at improving
longevity.

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 specificaiotinuous
processes arthe mostcommon in refineries A simplified process flow diagram of the BBU is
shown inFigure2.5, which represents a typigatontinuouslyoperated BBU receiving its hot

feed directly from the vacuum distillationnit. Where the bitumen feed is received from
storagean additional fired heater may be required to preheat the feed to a temperature of about
20071 250°C, butit can be up to 550C. With a batchoperated BBUa feed buffer vessel is
usually includedd store the hot feestream from the vacuum unit
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Figure 2.5 Simplified process flow scheme of a bitumen blowing unit

The residudeedstream is pumped into the top of the oxidation veSdw @erating 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 ves#d air is sparged into the base of tlesse| oxidation of

the residue takes placeesulting in heatThe temperature in the oxidation vesse&hich
determines to a certain extent the bitumen grédeormally controlled between 26C and
300°C. Different options are applied for adjustirfgettemperaturevhich includethe addition

of colder feed to the oxidation vesstie recirculation of cooled bitumen product from the
bitumenrun downcooler, and in older unitgdirect water quenchingrhe blown bitumen is
removed from the bottom of thexidation vessel and cooled by rising steaéefore 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. iessebid an
explosion in the vapour spada most units steam is injected at a rate necessary to keep the
oxygen concentration below the lower flammable limit &% v/v). In some unitsa small
amount of water is also injected into the vapour outlet ofottidation vessel to reduce the
vapour temperatureThis is sometimes considered necessary to prevent afterburning in the
overhead systemvhich could otherwisdead to severe coke formation

The overhead vapours are first passed through a vent gas esctabtemove oil and other
oxidation productsin most casegyas oilis used as onednrough scrubbing liquidThe vent gas

from the scrubber is subsequently cooled to condense light hydrocarbons and sour water
sometimes in a water spray contact condeasscrubberThe remaining gagonsisting mainly

of light hydrocarbonsN,, O,, CO, and SQ, is incinerated at high temperatures (~800 °C) to
ensure complete destruction of minor components such&<émplex aldehydeand organic

acids and phenoliconpoundswhich 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 y&&e BBUs which are used to produce road
bitumens operate only veh 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 hydrocarbdns2008 56 fluid catalytic
cracking (FCQ) units were installed in the ER7. It uses heat and a catalyst to break larger
hydrocarbon molecules into smalldighter moleculesUnlike the hydrocracker processo
hydrogen is used anpdonsequentlylimited desulphurisation takes pk Compared to other
heavy oil catalytic conversion processt fluid catalytic cracking ECC) process is superior
in being able to handle larger quantities of meslfphur and asphaltené3ne drawback is the
limited flexibility in changing the prduct yields even if recent developments in catalysts ajlow
depending o the catalyst selectigran increase athe LPG yield or a further reduction of the
bottom products

Feed and product streams

Fluid catalytic cracking units can be designed to pedwavy vacuurgas ois (HVGO) from
the vacuum distillation unitor bottom streamsalso called6é | o n g (LR)e fsom dhie
atmospheric distillation uniMost often units designed for HYGO also treat some, BRd vice
versa These two unit types will beeferred to as the FCC unit and the RCC ursppeetively.

Other process streams may be blended intcdkadytic crackefeed such as heagas oilfrom
the atmospheric distillation unitoker or visbreakegas oil deasphalted oil and extracts from
baseoil units and sometimes a small quantity of atmospheric reskhasestreams may be
hydrotreated to adjust the desired prougtelds and properties

Compared to other conversion processhe catalytic cracker process is characterised by a
relatively high yield of good quality gasoline and relatively high quantitiess@&n@ G. Both
products are highly olefinic and therefore are ideal fgsshms for the alkylatigmtherification

and petrochemical industrie®ne drawback ofhis process ishe very low quality of the mid
distillate products in terms of sulphurefing aromatics and cetane indébhe majority of the
products need further treatment prior to storage

Process description

A number of different catalytic cracking designs auerently in use worldide, including fixed
bedreactors moving bedreactorsfluidised bedreactors and onelarough units The fluidised
and movwng bedreactors are by far the most prevalent in world refineries

Fluid catalytic cracking (FCQ)nits ae by far the most commazatalytic crackingunits. The

FCC unit consists of three distinct sectiotise reactoregenerator section including the air
blower and the waste heat bojldre main fractionator section including the wet gas compressor
and theunsaturated gas plant sectidnsimplified flow scheme is shown IFigure2.6.

In the FCC proces®il and oil vapour preheated to 25025°C come into contact with hot
catalystat about68071 730 °C in the riser reactarTo enhance vaporisation and subsequent
cracking the feed is atomised with steaffhe cracking process takes place at temperatures
between 500C and 540°C and a pressure of5li 2.0 barg Most catalysts used in catalytic
cracking contain zelites (for more details on zeolites sennex 8.4) with metals and rare
earthssupported by different types of aluminas and claye catalyst is in a fingranular form
which mixes intimately with the vapesed feed The fluidised catalyst and the reacted
hydrocarbon vapouare separategnechanically in a(two-stage) cyclone systerand any
hydrocarbon remaining on the catalyst is removed by steam strigfhegamount of catalyst
lostas fines in the reactand regenerator cyclones is balanced by the addition of fresh catalyst

The catalytic cracking processes produce cakeich collects on the catalyst surface and
diminishes its catalytic propertieshe catalyst therefore needs to be regenerated cousilyuo
essentially by burning the coke off the catalyst at high temperaithresnethod and frequency

with which catalysts are regenerated are a major factor in the design of catalytic cracking units
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The catalyst flows into a separate vessel(s) for egtiimgfie or two-stage regeneratipdoneby
burning off the coke deposits with ailowever in time, the catalyst deactivates gradually and
irreversibly due to highemperature exposure and metal poisoning (mainly vanaditime)hot
regenerated catalystofivs back to the base of the reactor risshere it is cooled by
vaporisation of the feed and by the halasorptiorrequired for cracking reactions

The crackedhydrocarbon vapours are then fed to a fractionation tower where the various
desired fractiog are separated and collect&étie streams are steastripped to remove volatile
hydrocarbons prior to cooling and sending to star&yary oil is taken from the bottom of the
column ands cooled by heat exchange with the reactor feed stream and by gée@ration

and isthenreturned to the columiThe recycled slurry oil is used as wash oil and as a quench
for the hot reactor overhead vapours to prevent aftercrackivegrest of the slurry oil is filtered

or decanted to remove catalyst finesoledand sent to storag&he fractionator overhead gas

is partly condensed and accumulated in the overhead drum to separate it into threegphases
liquid and sour water stream3he liquid and gas streams are both fed to the gas plant
(Section2.12) for further separation and the sour water stream is sent to the sour water stripper
for purification (Sectior2.25).

Various types of equipment avsuallyused for receering energyfrom this processThe hot
flue-gasedrom the regenerator are cooled by means of steam generation in a waste heat boiler
or, in case of partial C@ombustionin a COboiler. Prior to steam generatipalectricity can

also be produced by eapsion of the flugjases in a turbexpanderAnd, in particular for units
processing large quantities of residaelditional heat removal from the regenerator can be
acheved with catalyst coolers for steam generation

Full combustion mode
Full combustbn mode is typically applied to vacuum distillate feedstotksv Conradson
carbon feeds are typically processed in full combustion FCCs

In the full combustion modehe following precautions should be taken in orderetucethe
emission of pollutants

1 The amount of C@eneratedtan be limited to a range from &%/Nnt to 250 mg/Nm,
with an excess of oxygen greater tha#h,Xcontinuous operatiorss a dailyaverage)A
CO oxidation promoter can be added to the regenerator to catalyse the oxdfl&tion
However this promoter also catalyses the oxidation of the fuel nitrogen in the coke
increasing the NQ levels (especially NO)A platinum catalystmay promote the
generation ofN,O. Consequentlythe amount of CO promoter varies the relationship
between the NQemissions and CO emissiomtowever values of 300 700 mg/Nni of
NOx (3 % O,) can be achieved

1 For residual feedstock cracking using antimony additid@®y emissions can rise to
1.000mg/Nn? (3 % O,), if no other reduction technique isags

1 Minimisation of the use of aeration and purge steam can decrease particulate emissions
significantly. Aeration/steam rates are based on achieving a stable catalyst circulation in
the catalyst lines between the reactor and the regenerator

| Stripping d the catalyst before reaction or before regeneration redbheeHC content in
thecoke to be burnt

| Temperature adjustment in the riser by injection of a recycle stream above the zone of the
fresh feed injection

| Modification of the design and operati®f the regeneratpespecially to avoid high
temperature spots that tend to increase thg fdfnation

Considering dust emissignthe basic design of a FCC includes tstage cyclones in the
regenerator vesselvhich prevent the bulk of the fine citst used from escaping from the
system However smaller catalyst particleamostly created by attrition in the circulating
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system are not easily retained by the tstage cyclone systertonsequentlyin many cases
other abatement techniquese included to complement the process abatement techniques
discussed here

A reduction of the regeneration temperatures under the usual conditions T300C) would

not have a significant impaoh the NQ emissions buit will increasethe CO concentration in

the flue-gasandcoke formation A change in the design or operation of the regeneration may
increase the CO concentration

When excess £s reduced to around®%, NOy production is dramatically reducedhis is
due to the increase in CO from lessaitable Q, which can help reduce NOback to N.
However many FCC/RCC units cannot operate at these laMe@els and still maintain
regenerator temperatures within safe operating lingitel low Q levels will increase CO
emissions Finally, SO producton is typically increased at low,Qvhen SQ additives are
being usegdsince therawill not be enough @for the SQ to oxidisee to SQ and be captured by
the additive

Partial combustion mode

In general feedwith a Conradson carbon figure upté 2% may be treated
FCC without a CO boiler as well as partaimbustion FCCA Conradson figure from 25 %
would require a CO boiler and fromi 5.0 % a caalytic cooler would be needett should be
noted that the above figures are onlgicative andalsodepend on the severity of the cracking

In the partial combustion modeonsiderable CO is present in the flgees and it is consumed
downstream of the regenerator in a CO boibmth to recover the energy produced in a CO
boiler and & meet environmental requiremenfhis system can be seen as istage
regeneration in comparison with thédl combustion modewhere a single regeneration step is
present

The use of a partial combustion mode together with a CO boiler (COB) genarajeseral
less CO and NQemissions compared with full combustidrhe use of a COB or with a high
temperature regeneration technology can significantly reduce CO emis€iGnschieved
emissions are from less than 5@00 mg/Nni and typically below 10 mg/Nn? (3 % O, daily
average) In the COB refinery fuel gas addition is required to incinerate CO (~900 TGg
advantage of partial combustion coupled with a COB is also to achieve loweelNiGsions
(1007 500mg/NnT at 3% O,, daily averagestandad conditions)ammonia and hydrocarbons
emissionsEmissions of S@and particulates are not affected by this mode of operation

Residue catalytic cracking (RC®) basically the same process as FDGe to the higher coke
laydown on the catalyst as @sult of the heavier feedhe heat balance around the regenerator
may require additional measures for catalyst coolyggthe heavier feed normally has a higher
metal contentespecially Ni and Vthe catalyst deactivation rate is so fast that theysitakeds

to be removed continuouslto be replaced by fresh catalybtcreasing rates of fresh catalyst
addition induces higher entrainment rates due to fines present in the fresh ,casalystl as
due tofines produced by attritiomherefore highe particulate emissions from the regenerator
are expected and should be taken into accaurthe choice and si of theflue-gas PM
abatement technique to be implemented

Two-stage regenerator processes are tolerant of feedswittkshigh Conradson Chon
Residue (CRR) values {310 % w/w) and containing high levels of metals (Niand Na) The

first regenerator burns 3070 % of the coke and essentially all the hydrogen.iRé@generation
conditions are kept mild and vanadium on the catalyst cafumot V,Os. In the second
regeneratqrfull catalytic activity is restored by completely removing the remaining coke in a
dry atmosphereas hydrogen has been previously remowdOs is now formed at high
temperature but as there is little moisture awatle to form vaadic acid the catalbt is
preserved The twostage regeneration system allows a R2R resagkerRCC to operate at
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significantly higher metal levels on the catalytereby reducing the catalyst malke
requirements and operating casts

In Thermofor Catalytic Cracking (TCChhe preheated feedstock flows by gravity through the
catalytic reactor bedThe vapous are separated from the catalyst and sent to a fractionating
tower. The spent catalyst is regenerateabled and recycledTheflue-gasfrom regeneration is
sent to a carbon monoxide boiler for heat recavery

In the movng bedprocessoil is heated to 40D 700°C and is passed under pressure through
the reactgrwhere it comes into contact with a catalyst flow in the formezafds or pelletsThe
cracked products then flow to a fractionating tower where the various compounds are separated
The catalyst is regenerated in a continuous pro&ssie units also use steam to strip the
remaining hydrocarbons and oxygen from the gatabefore the catalyst is fed back to the oil
stream In recent yearsmoving bed reactors have largely been replaced by fl@dided
reactors

Flue-gas
A Reactor Wet gas
compressor
C Sour gas to
s 9 amine treatment
C3 to
Catalyst C3I/ Cq Sour water 1 petrochemical
fines Splitter (0 SWS y | T0absorber, iy o etk
@ l— > debutaniser, C. to MTBE/
- i » Ca10
o [€ L C,/C, splitter Alkylation
Catalyst @ 2 > [steam [ Y
c® —am
regenerator 35 > Naphtha
=5 »LCO
Absorber 8 Steam _%); _@_
or steam = 0 .
Y~ Steam generation
............ j) Feed Naph. @1—@:’ HCO

Air Startup splitter Stean
heater debutaniser [ o ovon
| |6007 700 °C*\Y T az» steam | °
S

Compression Steam eneration
Feed ﬁw
D
Slurry PA
Figure 2.6: Simplified process flow scheme foa fluid catalytic cracker

Reference literature
[ 9, Koottungal 2008,][ 76, Hydrocarbon processing 2011 ]
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2.6  Catalytic reforming

Purpose and principle

The heavy naphtha leaving the hydrotreating units is a very poor gasoline blend cordpenent
to its low octaneThe purpose of a catalgtreformer is to upgradihe octane ofhese streams

for use as a gasoline blendsto€ke burning characteristics (octane number) of heavy naphtha
are improved signitantly by catalytic reformingThe most important characteristic of the
reformate prodct is the octane numheDctane numbers are very low foiparaffing slightly
better for naphtheneandisoparaffinsandarehighest for aromatics here are four major types

of reactions which occur during the reforming processes

1 dehydrogenion of nghthenes to aromatics

1 dehydrocyclisation of paraffins to aromatics

1 isomerisation

1 hydrocracking

Because thé&cU gasoline market is in decline and reformulated specifica(ieesTable1.9)
limit the allowable amont of benzene and aromatics in gasglosalytic reformer operation is
driven more by hydrogen production needs for diesel produttian to produce additional
aromatics and gasoline blend compongntsch has traditionally been the case

Feed and poduct streams

The typical feedstocks to catalytic reformer units are the hydrotreated staigleavy
naphtha from the crude distillation unit arifl applicable the hydrotreated heavy naphtha
stream from the hydrocracker unit coking unit andthe medium cadlytically cracked naphtha
streamfrom a FCC unitA catalytic reformer produces hydrogevhich is essential for use in
hydrotreaters (Sectio8.13 and may be used in hydrocracking procesBesducs from a
reformer includein addition to the hydrogemefinery fuel gasLPG, isobutenen-butane and
reformate The reformate may be blended to gasoline or further separated into components as
chemical feedstocks like benzetauene xylene and naphia cracker feeds

Some catalytic reformers operate under more severe congditiesidting in an increased
aromatics content in the reformate product

Process description

Feedstocks to catalytic reforming processes are usually hydrotreated firstowee reaiphuy
nitrogen and metallic contaminantbhe catalysts used in catalytic reforming processes are
usually very expensive (containipgatinum[P1f) and extra precautions are taken to ensure that
catalyst is not lostThere are several catalytic refiting processes in use tod&ty generalthey

can be classified into three categorieantinuouscyclic or semiregenerativedepending upon
the frequency of the catalyst regeneratibne fixed bedor moving bedprocesses are used in a
series of thre#o six reactors

Continuous catalytiacegeneration (CCR)eforming process

In this processthe catalyst can be regenerated continuously and maintained at a high activity
rate The ability to maintaina high catalyst activit and selectivig by continuas catalyst
regeneration is the major advantage of this type of Bigure2.7 shows a simplified process

flow diagram of a continuous catalytic reformer
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Figure 2.7: Simplified process flow scheme for a continuous catalytic reformer

Interheaters are needed between the reactors to provide the heat required for the endothermic
dehydrogenatio reaction As the naphtha feed charge proceeds through the reathters
reaction rates decrease and the reheat needetddaeshly regenerated catalyst is introduced

at the top of the first reactor and flows by gravity from top to battenmm heretiis passed on

to the next reactoPartialy aged catalyst is removed from the bottom of the lowest reactor and
sent to an external regeneratathere the carbon iburnt from the catalystThe catalyst is
acidified andreducedbefore being returned todltead 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 separatdrhere the hydrogerich gas is separated from the liquid phadee gas

is compressed anghrtially recycled to the naphtha fe@the remaining vapour is then further
compressedecontacted with the liquid from the lepressure separatarooled and fed to the
high-pressure separatorhe recompression and recontacting is included to maxinase/ery

of the G/C, fraction from the hydrogerich gas strearmAny excess of this hydrogeich gas is

routed to the refinery hydrogen system to be used in hydiomesuming units like
hydrotreatersThe selection of the reformer operating pressucethe hydrogen/feed ratio form

a compromise between maximum vyields émelcoking rate

The CCR reforming process hahkigher energy efficiency per tonne of desired product than the
semiregenerative procesgue to better yields and improvéeat recoery from the products

As the CCR process is the latest and most modern type of catalytic reformer pitocass
generallya design with a higher heat integration than the segenerative process and ls&al

a higher energy efficiencyAppropriate reamping of semregenerative units can also achieve
higher energy efficiencthrough the same recovery from produ@tsm pumparounds arfdom
integration withthetopping and vacuum

The use of a CCRyenerates more dioxins than a seegenerative pross during the
regeneration of the cataly$tor more informationsee Sectiol.6.

Operational data

This technigque operates at lower pressurési(20 bar) thapand at the same temperature as
semiregenertive processest uses mono (Pt) or bnetallic catalysts (PRe, PtSn). Hydrogen

is also produced irthese processesA continuous regeneration reformer produces around
350Nm® of hydrogen per tonne of feedstocRince the increased coke laydown and the
thermodynamic equilibrium yield of reformate are both favoured bydmsgsure operatioithe
ability to maintaina high catalyst activit and selectivig by continuous catalyst regeneration is
the major advatage of the continuous process
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Disadvantagesf the CCR reforming process include its ability to make reformates with high
aromatic contents70 % v/v and that CCR reformer reformates tend to be higher boiling
compared to the semggenerative reforming proce3hese qualities can impact blendinGk
reformer reformates into the gasoline pool with gasoline specification of less tRarv/35
aromatics Compared to the other reforming technologissich of the value from CCR
reforming is the improved yields at high octagehowever with biofuels bleding and
decreasing octane demartde economics for converting other reforming technologies to CCR
reforming technology is diminishing

Economics
As an examplethe investment costs based @13975 ni/d continuous octanising unit (battery
limits, ereded cost1998 Gulf Coast) wre10000 USD per rid.

The erected costsf a 3180 n¥/d unit (4Q95 US Gulf Coast)were USD 483 million
(USD 15200 per n¥d). In addition catalyst costs add another USB gillion.

Example plant(s)

Nowadays only contnuous catalytic reformer units are bultew reforming units larger than
15000 bpd (2400 n¥/d) are typically designed as continuous catalyst regeneration reformer
units. Smaller reformer units may k@ continuous catalyst regeneration or seegenertive
designsbutthe cost of the CCR can become prohibitive with smaller scale units

Reference literature
[ 77, REF TWG2010][ 175, Meyers 1997,1 183, HP 1998,][ 207, TWG 2001 ]

Cyclicreforming process

The cyclicreformingprocess is characterised by having a swing reactor in additibegeon-
stream in which the catalyst can be regenerated without shutting the unit. ddven the
activity of the catalyst drops below the desirecklethis reactor is isolated from the system and
replaced by the swing reactofhe catalyst in the replaced reactor is then regenerated by
introducinghot air into the reactor to burn the carbon from the catalysgically, one reactor is
always being rgenerated

Semiregenerativereforming process

In this processlesign regeneration requires the unit to be takerstiéam Depending upon the
severity of operatiorregeneratio is required at intervals &to 24 monthsThe control of the
dosage ofa chlorinecontaining compound to feednd operating pressures are utilised to
minimise coke laydown and the associated loss of catalyst aclivitydosing rate depends on
the water content of the feed (actual and potential) and the desired-stai@diloride level on
the catalyst

The reactors operate at temperatures in the range daf 380°PC and pressures in the range of
157 35 bar This type of process produces between 86 and 200 Nm of hydrogen per
tonne of feedstock

Economics
The ereted cost of a sermegenerative unit of 380 ni/d is USD 33 million (USD 10400 per
m?/d). In addition catalyst cos add anothedSD 3.4 million (1995 - US Gulf Coast)

Many applications exist in Europas well as in the rest of the world

Cross-media effects

In semiregenerative reforminghe unit catalyst is regenerated at interval8 ¢ 24 months
depending on the intensity of the procédse emission factor of dioxins per tonne of feedstock
is much lower thamvith continuous regeneratioRor more informationsee Sectio3.6.
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2.7 Coking processes

Purpose and principle

Coking is a severe thermal cracking process used primarily to reduce the refinery production of
low-value residual fuel oils andansform them into transportation fuetsich as gasoline and
diesel As part of the processoking also produces petroleum cplich is essentially solid
carbon with varying amounts of impuritie&’hen highquality coke is requirede(g.to produce
anaes forthe metals industry)green coke needs to be pro@shs a calciner

Feed and product streams

As the coking process is a thermal destruction protiessjuality of the feed in terms of metal
contenf Concarbon number and other contaminant®tsritical As a matter of fagtcoking is
predominantly used when the feed has a high Concarbon number and contains high quantities of
impurities which cannot be handled in catalytic conversion proceAliehis produceshigh
feedstock flexibility The feed to a delayed coking unit can consist of atmospheric residue
vacuum residueshale oilstar sandsliquid and coal tarwhich results in a petroleum coke used
for fuel applications Aromatic oils and residues such as heavy cycle oils from a catalyti
cracking unit andhermal tars are suitable festdcks for the production of needle coke and
anode cokeThe feed to a fluid coker is the vacuum resjcgmmetimes mixed with refinery
sludgestar sandsbitumen and other heavy residues

The productsrbm the coking fractionator are refinery fuel ga®G, naphtha and light and
heavy gas oilsPetroleum coke is another produsith the type depending upon the process
used operating conditions and feedstock us€dke produced by the coker is calléadye e n 6
coke and still contains some heavy hydrocarbons left from incomplete carbonisation reactions

Process description

Two types of coking processes existe delayed and fluicdtoking processes that produce coke
and theflexicoking process that gasificthe coke produced in a fluid coking process to produce
coke gas

Delayed and fluid coking

The basic process is the same as thermal cracking (S@c&@nexcept that feed streams are
allowed to react fordnger without being cooledrigure2.8 shows a simplified process flow
diagram of the delayed coking unit

The delayed coking feed stream of residual oils is first introduced to a fractionating tower
where residal lighter materials are drawn off and the heavy ends are condensed (not shown in
Figure2.8). The heavy ends are remoyéeéated in a furnace and then fed to an insulated vessel
called thecoke drumwhere the acking takes placén the case of fluid coking fluidised bed

is used Temperature (440450 °C) pressure (b7 7.0 barg) and recycle ratio are the main
process variables which contribute to the quality and yields of delayed coking préibets

the coke drum is filled with producthe feed is switched to an empty parallel drum (dotted
drum inFigure2.8).

When the coke drum is fulsteam is then injected to remove hydrocarbon vapdims coke

bed is tha quenched with water and the cokes are cut out with high pressure Mateutting

water passes to dedicated settlement where coke solids settle out and the clarified water is
recycled The wet green coke is conveyed to designated open stockyilesewater drains out

and is recycledGreen coke can already be sold and used for energy produthieryield of
delayed coking is usually above 89(257 30% coke 651 75% light products) conversion of

feed to productsThe production of petroleum cole of the ratio of QL3 tonnes of petroleum

coke produced per tonne of feedstock
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Figure 2.8: Simplified process flow scheme for a delayed coig unit

Hot vapours from the coke drupmsontaining cracked lighter hydrocarbon produbtgdrogen
sulphide and ammoniare fed back to the fractionator where they can be treated in the sour gas
treatment system or drawn off as intermediate produCtndensed hydrocarbons are
reprocessed and collected waterdasel for coke drum quenching or cuttingny remaining
vapours commonly pass to the flare systBimrmally, products such as naphtha are totally fed

to the naphtha hydrotreater for further gssing The heavier products are suitable feedstock
for catalytic reforming after proper hydrotreatmehight oil needs further treatment before
being sent to thgas oilblending poal The heavygas oilis preferably sent to a hydrocracker
unit (Section2.13 for further conversion into light componen®hen no cracking units are
availableit is blended in the heavy fuel oil pool

Calciner

For certain applicationsgreen coke should be calcined before beusgd or sold The
incinerator kilns are direct fuel gas or coke fine fired at the discharge Tdved cokeis
calcinatedat up to 1380°C, driving off volatile matter and burning it within the kilExhaust
gases discharge from the feed end and are iratgato burn off residuals and coke finest
flue-gases pass through a waste heat boiler and gas cleaning bgyulalties Collected fines
from the cyclones are pneumatically conveyed to a silo with exit air filtdwes calcined coke
discharges to eotary direct water injectiarOff-gases from the cooler pass to gas cleaning by
multi-cyclones andhe water scrubberCollected cyclone fines may be recycled to product
which is oil sprayed as a dust suppressamntnay be incinerated or sold as a fuel

Flexicoking
The flexicoking process typically converts 888 % w/w of the vacuum residue to gaseous and

liquid products Virtually all metals in the feed are concentrated in the solids purged from the
procesq1i 4% w/w of the fresh feed)Flexicoking is a very robust process in which coking
and gasification are fully integrate@ihe process is advanced compared to the classic delayed
coker in terms of operation and labour intengi®76, Kamienski et aP008 ]

The flexicoking process uses three major vessbés reactorthe heater and the gasifieks
auxiliary facilities the system includes a heater overhead cooling system and a fines removal
system a coke gas sulpin recovery unit and reactor overhead scrublségufe2.9). The
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preheated vacuum residue feed is sprayed into the readtere it is thermally cracked

typically at 510° 540 °C The fresty formed coke is depdsd on the surface of the fluidised

recirculated coke particlel the gasifierthe coke is reacted at elevated temperattypgally
8507 1 000 °C with air and steam to form coke gasmixture of hydrogercarbon monoxide

and dioxide and nitrogeisulphur in the coke is converted in the gasifier primarily to hydrogen
sulphide plus traces of carbonyl sulphide (COBJtrogen in the coke is converted to ammonia

and nitrogenUnlike normal gasifiers which are fed with pure oxygde flexicoking gaiier is
fed with air, resulting in a coke gas with a relatively low calorific valas it contains &igh

quantity of inert nitrogen
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Figure 2.9: 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 fractionajas compression and

light ends recovery sectionBhe treatments and use of the prodacesvery similar to the ones
already described in the delayed cokeressure 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 procesa horizontaBREF on Industrial @oling Systemg 69, COM 2001 ]
wasproduced that covers many topics of relevance to the refineries. Sex@void repetition
therefore this section on aaing 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 the cooling of feed angroduct streams is required to allow refinery process
operations to take place at the right temperafuard to bring products to their appropriate
storage temperatur&ven though heat integration of process systems ensures that significant
cooling can b achieved by exchanging heat between streams to be cooled and streams to be
heated additional cooling is still requiredrhis additional cooling should be provided by an
external cooling mediunwater and/or air

Process description

A wide range of teeniques is used for cooling purposes in oil refineriégst refineries use a
combination of the techniques availabléhe selection of a cooling system depends on the
required cooling temperatyréhe cooling capacitycontamination risk (primary or secdery
cooling loop) and local circumstancéssimplified disgram of the cooling techniquesshown

in Figure2.10 and briefly described belaw

Wet

Other
F Process cooling
system
Open Closed
G H

A once-through cooling D:  recirculating
B: direct cooling with cooling of water cooling efluent EF: dryandwet
C: indirect'secondary system G,H: open and cloged hybrid system

Process
or cooling
4

Wet air

Figure 2.10: Simplified diagrams of the cooling systems used in refineries
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Air cooling
In an air cooler (forced or induced drauglite process stream in the tubes is cooled against the
air deliverel by a fanAn induced draught air cooler is illustratedrigure2.10.

Direct water cooling (.e. quenching)
Because of the high contamination generated by this type of coglirgching is only used in
cokers(Section2.7), in gasifiers and in some sludge incinerators

Once-through system (seawaterriver water, etc.)

In a typical onceghrough cooling systemwater is extracted from a surface water hdidtered

if necessary and sometimes treated with biocide to inhibit fadling then passed around the
refinery to enable cooling through heat exchang&he cooling water is passed through a
process unit once and is theither treated odischarged directlynto the receiving environment
without treatmentThere are several ways to use water for ghoeugh cooling in refineries
andthat carry a different risk of contamination by process streeuascribed below

| Oncethrough cooling water used for codajinnonpolluting streamse.g. in power
generationA cooling tower system is generally applied when the thermal loading of the
surface water is too higlsdeFigure2.10 A andB).

1 Oncethrough cooling water useaif heat exchange with a recirculating water system
which then cools the process streafrigiire2.10 C).

1 Oncethrough cooling water is used to cool process streams directly (via heat exchangers)
(seeFigure2.10 A andB).

Circulation system (tempered water cooling water)

In this systemmost cooling water is repeatedly recycled through cooling towers using ambient
air. In order to control the concentration of contamisaand the solids content in the cooling
water, a blowdown streans usedwhich is sent to the waste water treatment, @mtl makeup

water is added A certain amount of water also exits the system through evaporation
(Figure2.10D).

Wet closed system (normally water)
Tempered water is used when process streams to be cooled should not be exposed to the (low)
cooling water temperatureBigure2.10 F).

Hybrid systems

In thesehybrid systemsboth air and water are used as the cooling melhase systems
normally maximise the use of air cooling and the rest is done by water cobhogtypes of
systems are available and they are showfignre2.10G and H

Refrigeration systems

In specific cases wie for safety reasonprocess streams have to be cooled below ambient
temperaturegefrigeration systems are applidthis can be either a direct refrigeration system
i.e. using the refrigerant (propane or ammonia) in the process an indirect system
(Figure2.10F) using a circulation systene.g. brine, glycol) where the refrigerant cools the
circulating liquid
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2.9 Desalting

Purpose and principle

Crude oil and heavy residues can contain varying quantities of inorganic compsucid®s
watersoluble saltssand silt, rust and other solidsogether characterised as bottoms sediment
The salt in the crude is primarily in the form désblved or suspended salt crystals in water
emulsified with the crudeTheseimpurities especially saltscanlead 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 processédditionally, sodium salts stimulate coke formatiang.in
furnaces) Some inorganic impurities are eically boundsuch as vanadium and nickahd

are often referred to as edoluble saltsThese cannot be eliminated in a desakéoreover
excess water has to be removeaim crudes with high water conteritherefore desalting of the
incomingcrudeoil is generally applieddfore separation into fractionS€eSection2.19.

The principle of desalting is to wash the crude oil or heavy residues with water at high
temperature and pressure to disspbapaate and remove the salts anther water extractable
components

Feed and product streams

Crude oil and/or heavy residues (oily feedstock) and reused and fresh water are sheees!

to the desaltewith desaltedcrude oil and contaminated wai@rine) beingthe outputs of the
desalting processe¥he water phase from the crude distillation unierhead and other used
water streams are norfhafed to the desalter as waslater Efforts are made in the industry to
minimise the water content of thelesaltedcrude to less than.®% and bottoms sediments to
less than @15%. The concentrations of inorganic impurities in the cleaned stream are highly
dependent on the design and operation of the desadtarell asonthe crude source

Process degiption
After preheating to 1165150 °C the oily feedstock is mixed with water (fresh arisel
water) in order to dissolve and wash out the salts

Intimate mixingof the oil and wash wateakes place in a globe valve mixarstatic mixer or a
combhnation of both The water must then be separated from the oil feedstock in a separating
vessel by adding demulsifier chemicals to assist in breaking up the emulsjam @hdition by
applying a higkpotential electric field across the settling vessaidalesce the polar salt water
droplets

The separation efficiency depends on, plnsity and viscosity of the crude,aks well ason

the volume of washwvater used per volume of crudgither AC or DC fields may be used and
potentials from 1%V to 35kV are used to promote coalescengny refineries have more
than one desalteMultiple-stage desalters also exi§the wash watercontaining dissolved
hydrocarbonsfree oil, dissolved salts and suspended solids is further treated in an effluent
treatment plant (Sectior.24). Where bottoms sediments are critical in downstream process
units, desalters are equipped with a bottom flushing system to remove settledRglide2.11
shows a simplified process flow diagram of a modern design crude desalter
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2.10 Energy system

Heatproducing plants are an essential and integral part of most refiroegsses/activitieg\n
important aspect of the refining energy system is the effective use of internal residue streams as
part of the energy mixThis chapter describes some principles of energy production and
management in the context of refinery fuels

Purpose and principle

Heat and electricity are needed to run a refin€he extensive heat requiremenpi®videdby
fuel combustioreither diredy (by heatersfurnaces) or indirectly via stearBteam is usually
produced inside the refineryrhis is increasingly coupled to the generation of electricity in
surplus because it can be sold on the external markeitfasteam if there is local demand

An emerging proposition is full commercialisation where (some) steam and electricity
production is outsourckto a power company specialisSome refinerieshave switched to
importing their base load steam and electricity needs from third party casfa@sed locally

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 boughttside or a combination of bottiNormally, most oreven all of the
gaseous and liquid refinery fuels used areptmducts of refinery processe€ghe composition

and quality of these fuels vary with the crude oils procesHeel refinery fuel pool is a ceful
balance between energy requirgghe of crude processgemission limits and economics

Refinery fuel gas (RFG)

The majority of the fuel used in a refineryrisfinery fuel gas (RFG)This is a mixture of
methane ethane ethylene anchydrogen andnay contain some CO and small amount<gf

C4, N; and HS. RFG is produced and collected in the refinery gas sydtatrhas to be used
quickly and cannot normally be sold as a prodiitte composition may changsver time
depemnling on refinery operatias and the feedstock being processed and will be different from
site to siteagaindepending orthefeedstock and installed plantor example if the refinery has

a coker that supplies syngas (CO 4 té the RFG system

Most refinery fuel gas systenfgvealternative sources of supplsefinery gasimported gas
(normally natural gas) and liquefied petroleum gas (LHEX}ernal supplies usually become
part of the RFG systemalthough dedicated its may run on commeial fuel. RFG, if properly
treatedis a lowpolluting fuel More information on RFG is provided in Sectii0.2

These gases may be sulpfiige at sourcei.e. from catalytic reforming and isomerisation
processes) or sulphgpntaining at surce (most other processe®. from crude distillation
cracking coking and all hydrodesulphurising processés)he latter case the gas streams are
normally treated by amine scrubbing to remowS Hefore being released to the refinery fuel
gas sysm and dust removal and COS conversion if necessary (Setf@n Coke gas forms

a main refinery gas source if coking takes place in the refigeriphur content in the form of
H.S is normally below 100 220 mg/Nn7, and will strongly depend on the pressure used in the
amine treating unitsLevels of4 i 40 mg/Nni are possible for gas treated at high pressure
(20bars) and lower levels2 i 15 mg/Nn, can even be reached with very high pressure
(50bars) Residual HS concentratiam achiewable by using arefinery fuel gastreatmentare
shown inTable4.80 of Sectiord.23.5.1 The nitrogen content is negligible

Fuel gas gstem
Figure2.12 shows a schematic diagram of a typical fuel gas sysiéam fuel gas is supplied

from the different refingy units In this diagrambackup supply is provided by imported natural
gas and by inteally produced LPGwhich is vaporised and routed into the fuel gas heddher
condensation of heavier hydrocarbons and/or water is critical for the fuel gas.dSystemally
all units have their own fuel gas knockout drumwhich condensate formed inetfuel gas
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distribution system is separateéthe fuel gas lines from this drum need to be sttaged to
avoid condensation in the supply lines to the individual burnggeids from the fuel gas
knockout drum are drained to a closed slops system

Secondary fuel
gas supply /J\ To users

Primary fuel gas supply v Knock-out
from process units ‘r drum
«— Steam
serzzeeeneed ——
D LPG vaporiser o
AT 5
Steam [t 'y
—> N~
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Figure 2.12 Simplified flow diagram of a fuel gas system

Liquid refinery fuel

Heavy fuel oil (HFO) used in the refinery is northa a mixture of the residues from
atmospheric and/or vacuum distillation and conversion and cracking prodggsés refinery
fuels are available in various gradesdscosity being the main parametérhe lower the
viscosity, the more expensive the fu@he heavier (more viscous) grade fuels require heating to
reduce their viscosity before combustidimey contain sulphuxQ.17 6 %), metals(e.g.V, Ni)

and nitrogen (@7 0.8 %) resulting after direct combustignn high SQ, particulates and NQ
emissions They can also be gasified in thategrated @sification Combined @cle (GCQC)
plant where virtually any refinery residue.g.visbroken or thermal tars) can be converted to
heat and power

Provided that the crude oil is properly desaltde: ash content of the fuel will be directly
related to the total soligdthe amount being proportional to the sum of the nickel and vanadium
present (NiV value 0.031 0.15 % w/w, depending on the residue source and crude origmn)
arrive at the metal coent of the HFQthe metal content of the crude is multiplied by a factor of
47 5 (dependent on the yield of residue and the residue content of the Gihuel@)etal content

of the HFO can vary between ppm and 600 ppm for HFO from a North Sea crude and
Arabian Heavy crudeespectively generating particulate concentratan the fluegas of 150

i 500mg/Nnt. The most prominent metals indigenous to the crude are vanadium and nickel
other metalssuch as cadmiupreinc, copper arsenic and chromium hawdso been detected

[ 150, Dekkers Daane 1999.Table2.2 shows the metal contexwf residual fuel o# typically

used in refineries
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Table 2.2: Metal content of residual oil
Concentration range | Average concentration
Metal
(ppm) (Ppm)
\% 7.237 540 160
Ni 12571 86.13 422
Pb 2497 455 3.52
Cu 0.287 1342 2.82
Co 0.267 12.68 211
Cd 1597 2.27 1.93
Cr 0.267 2.76 1.33
Mo 0.237 1.55 0.95
As 0.177 1.28 0.8
Se 0.47 1.98 0.75
Source[ 234, HMIP UK 1995 ]

Liquid refinery fuel system

As has aleady been statetiquid refinery fuels are heavy residues that should be stored in a
separate storage tank at an elevated temperature to reduce the high vi&dgpital refinery

fuel oil system (schematic diagraseeFigure2.13) includes a dedicated mixing tank (nhormally
off-site), a circulation pump and heater (when requiredThe system discharges fuel oil at a
constant pressure and at the required conditioh temperature and viscosityso that
atomisation and efficient combustion are possibifethe fuel consumption is lowthe cost of
installing heated storagpreheaing, etc may not be justified for the use of heavy fuels and so a
light fuel oil will be usedLiquid refinery fuels are normally ed for processtartups.

Solid fuels

Solid fuelssuch as petroleum coke can be gasified as a refinery fuel gas source for refineries
(Flexicoking Section2.7). Coke is burnt in the catalytic cracking regexter (Sectior2.5 and

in the coking process and represents a heat production source in the refioaras imported

fuel, is not applied in European refineries

Elue gas
Recirculation
from burner
Storage tank with outflow To fuel oil user
heater and heating coil
Duplex
filter
A
Main steam Electric startup

Steam heater heater
N SR ZQS Zaj
Steam :;:_‘K : _ l l

Figure 2.13 Simplified flow diagram of a heavy fuel oil system

Energy production techniques
This section is not intended to include a detailed description of energygtinyd techniques

(steam and powersincethis is coveredn the LCP BREHR 7, COM 2006 ]
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Furnaces and boilers

Many of the individual refinery processes and utility systeombust fuel (gas and/or liquid) in
dedicated furnaces and boilers to supply the heat necessary for the .pFi@Ebgrocess
heaters and boilers are the main heat produdéws former transfer the heat released in the
combustion process directly to theocess stream and the latter produce steam that will be used
somewhere in the refiner§he principle of steam generation is the heating of boiler feed ,water
under pressure in specified fuelled boiler or a washeat boiler consisting of heat exchanger
bundles (economisers and superheatdms)this documentno distinction is made between
furnaces and boilerexcept when relevant

A variety of furnaces and burner types are used in refindargely determined by the heat
release characteristicequired by a particular proceddlany but not all furnaces are dual
(oil/gas) fired to allow flexibility in the refinery fuel systerRefinery process heaters are
typically rectangular or cylindrical enclosures with multififed burners of specialised sign
using mainly lowcombustion intensityBoilers (fixed or fluidised bed) are generally fairly
standard steasproducing units of medium or higbombustion intensityWaste heat boilers
may also be present in the furnaces of stadledl maintained andperateddirect-fired heaters
and boilersachieve thermal efficiencies of over 8 If air preheat is applied and the
combustion products (flugas) are cooled close to their dew pdiné thermal efficiency can be
as high as 9%0. Boilers consume abou01 20% of refinery energy requirements

Gas and steam turbines

Gas turbines work as followdresh air at ambient conditioris drawn into the compressor

where its temperature and pressure are rai3é@ highpressure air proceeds into the
combustionchamber where the fuel isburnt at a constant pressurg@he resulting high
temperature gases then enter the turbine where they expand to atmospheric, gressure
producing powerSteam turbines are used to transform the steam pressure to Gowdsined

cycle processes combine the gas and steam turbine processes to produce power at higher
efficiency than is reached with opeycle turbines (steam and galfore information about gas

and steam turbingsas well as combined cyclexan be found in the LCP BREF

[ 7, COM 2006 ]

Cogeneration plants (CHP)

These systems are designed for themmuction of heat and powerhe fuel for this type of
facility is usually natural gast 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 furnacesThe steam and power cogeneration concept can also be applied to borigrs firi
for instanceliquid refinery fuel They can be designed to generate fpgissure steam and to

let the pressure down over an expander/tggerator Economisers and the optimisation of
air-to-fuel control are also techniques applicable in cogemergliants

Integrated gasification combined cycle (IGCC)

Integrated gasification combined cycle is a technique for producing ,stgdnagen (optional)
and electrical energy from a variety of l@sade fuel types with the highest conversion
efficiency pasible During the gasification of the oil with oxygen and/or, aiyngas is also
producedand used for energy productidgpically in a combined cycle for the production of
heat and electricityHydrogen can also be separated from the syngas for use irefinery
(Section2.14).

The principle is based on the hitgmperature and higbressure reaction of organic carbar
coke with steam and undaoichiometric amounts of oxygen (partial oxidation) to pi
syngas (CO+h). After the combustion chamhehe system contains a number of sophisticated
energy recovery systems to produce steam and electifégyre2.14 shows a block flow
diagram of an IGCC plantn the partial oxidation of hydrocarbgrtbe product gas contains a
certain amount of free carbon (sodihe soot particles are removed from the gas together with
the ash in a twstage water wash
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Figure 2.14: Block flow scheme foran IGCC process

The gasification plant consists of two integrated complex .uditsthe first syngas
manufacturing process plants (SMP®ie gasification of heavy fractions takes place and the
syngas is produced and purifidd the second.e. the combineaycle power plantghe syngas

is fed to a combinedycle thermoelectric uniThe SMPP includes the two sectiamsscribed
below.

1 Gasffication and carbon extraction: in the gasification sectionhe feedstock is gasified
through a nosstoichiometric reaction with pure oxygen and water; the reaction occurs in
the gasifiey a noncatalytic vessel internigl coated with refractoryoperatirg at a high
temperature (about300°C) and pressure (about 65 bar)

1 Gas cooling and purification in the gascooling sectionthe waste heat from syngas is
recovered by the generation of steam at three pressure leaisall quantity of carbgn

formedin 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 plantA solid effluent in the form of a filter cake is dischargeahi this unit
and sent to external plants for the recovery of the mdtabddition a COS hydrolysis
reactor is provided to convert the small amount of COS produced in the gasifig$. to H
This section also includes a gas expander for the recoverg giréssure energy of the
syngas (pressure in gasifiers is about 65.3d1)s system contains an agids removal
process which consists afcirculating amine stream used to selectively absorb i8e H
formed in the gasifier anduring the COS hydrolysidt also contains an air separation
unit. This unit produces the oxygen required for the gasification and the Clausgpldnt
the nitrogen for syngas conditioningt is based on conventional cryogenic air
fractionation And finally, it contains a sulphurecovery unitwhereClaus units recover
elemental sulphur from the,H recovered in the acigas removal sectioThis, along
with a tail gas treatment sectianaximises the overall sulphur recovery

After the cooling and purification sectignthie purfied syngas is sent to the combined cycle
power plant for power generatianThis mainly consists of a conventional cycle with a gas
turbing a heatrecovery steam generator and a steam turbine
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Products from the energy system

As mentioned at the bawiing of this sectiorthe energy system of a refindsythere to provide
the heat and power necessary to carry out the proéesbort description of the types of
products produced by the energy system of a refinery (steam and pogigen below

Seam

The different steam qualities generated in the boilers of the refinery have the general
characteristics described below (the heat content ranges from ab@it\2l/t for lowpressure
steam to 200MJ/t for superheated higpressure steam at 50 har)

1 High-pressure (HP) steam network (>30 ,b3507 500°C), generated in waste heat
boilers (cooling of hot offjases and/or hot producis catalytic processes and
hydrocrackers) and in fired boilerslP steam is mainly used in turbines to produce
electical power (and media-pressure steam)

1 Mediumpressure (MP}team network (7 20 bar 2007 350°C), generated by pressure
reduction of HP steams used within the refinery for strippingtomisation vacuum
generation anfieating €.g.reboilers tanks).

1 Low-pressure (LP) steam network .§3 5 bar 1507 200°C), generated in heat
exchangers by cooling of hot produy@sd by pressure reduction of MP ste&fa steam
is used for heatingstripping and tracing

Steam is produced by heating demineeadi waterdoiler feed watdy(BFW), under pressure in

a steam boilerSteamraising plants are normally fuelled with refinery fuel gas or ligdilde
refinery is equipped with dedicated steam boilers in virtually all process emisining a HP,

MP- and LRsteam distribution network and with HAVIP- and LRcondensate collection
networks which are connected with the BFW preparation unit and the condensate storage tank
(Reference is made tigure2.15and tothe LCP BREH 7, COM 2006 ]

Steam used in turbines and heaters after cooling is usually recovered as conB8&Waie
therefore a mixture of fresh demineralised magevaer (quality dependent on steam pressure)
and recovered condensaBFW makeup can be tought in but can also be prepared at the
refinery using drinking watefiltered groundwaterseawater distillationsurface water or even
treated effluent by using aombination of treatment operatignsuch as sand filtration or
microfiltration (to remove suspended solids) and demineralisation which is accomplished by
subsequent cation and anion exchange (see dotted aFégume2.15). Reverse osmosis (to
remove ions colloids and large organic molecules) is usually applied in new plants and is
followed in some cases by neid bedion exchange and active carbon filtration for final
polishing The condensate tank is generallyigged with an oil detection system and an oil
skimming deviceTo avoid corrosion in the steam and condensate systatyrgen and arbon
dioxide are removed in deratorsand oxygen scavengers and corrosion inhibitors are added
After conditioning the BFW is pumped to the boilergh boilers the hot fluegases and BFW

flow countercurrently; BFW is preheated in the economiser and further heated in the first and
second superheatdn order to keep the concentration of dissolved compounds and suspended
sdids in the steam drum constaatcondensate blowdown ofi 2 % is normally required
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Figure 2.15: Typical layout of a boiler feed water preparation unit and a steam boiler

Electrical power

Power is mainly generated in turbines with hjglessure steam but calso be produced in gas
turbines on site and/or dught from the grid €.9. hydrogenerated power)Electricity is
necessary to run pumpsompressorscontrol systemsvalves 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 fiekry, bearing in mind the highly integrated and interdependent
nature of most processdhe normal aim is to continuously match 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 SeZtidhexaminesthe integration of all
techniques that may be used in a refindijis section is included here because the energy
efficiency of a refinery caie increased not only by improving the energy efficiency of the
individual processes (which is addressed in each section) or energy efficiency of the energy
production system but also by improving energy managene@ergy conservation and heat
integratian/recovery within the refinery as a whole

Energy management has long been an important issue for refi@iesxamplemanagement
techniques such as the ISO 14000 system sénie&N 16001Systemor EMAS can provide an
appropiate framework to devep suitable energy management systemnd can increase the
energy efficiency of the refinery as a whdinergy conservation techniques such as reporting
and giving incentives for energy savingsrrying out combustion improvements or reviewing

the eneryg integration of the refinery are some of the techniques that may have a great impact
on reducing energy consumption and consequemtlyincreasing the energy efficiency of a
refinery. Other technical tools to increase efficiency are the heat integratonéry
techniquesof which examples arghe installation of waste heat boilethe installation of
expanders to recuperate power and increasing the insulation of buildings and process units to
reduce heat losseSteam management is another good toolricreasing 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 requiremesitice the 1970slcohols (methanolral
ethanol) and ethers have been added to gasoline to increase octanerdevels carbon
monoxide generation angtduce atmospheric ozone due to the lower reactivity of resulting
VOC emissionsThe octane improvement has been a factor in the ghdsd lead as a fuel
additiveas required by thAuto-Oil | programme As a resulta 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 limitBhe most common keérs being used as additives are methyl
tertiary butyl ether (MTBE)ethyl tertiary butyl ether (ETBERnd tertiary amyl methyl ether
(TAME). Some refineriemanufacture their own suppliestbeseethers

Feed and product streams

Isobutylene and/or isamylene and methanol (or ethanol) are necessary to produce MTBE (or
ETBE) and/or TAME Isobutylene is obtained from a number of refinery sources inclutling

light naphtha from the FCC and coking units; thepbyductfrom steam cracking of naphtha
processes or light hydrocarbons during the prdarc of ethylene and propyleneatalytc
dehydrogenation of isobutaa@d conversion of tertiary butyl alcohol recovered as-prbguct

in the manufacture of propylene oxideShese processes are describedhia LtVOC BREF

[ 85, COM 2003 |Methanol 6r ethanol) comes from an external supply

Process description

Multiple variations of commercial processes are availdidlest processe 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 g@t is important to maximise conversion

and minimise undesirable side effects and catalyst deactivatienreaction is usually carried

out in two stages with a small excess of alcohol to achievelédim conversions of over 9%

and the methanol consiption is essentially stoichiometrithe basic difference between the
various processes is in reactor design and the method of temperature control

MTBE production process

Figure2.16 shows an example of a sinfi@d process flow diagram of an MTBE plafithe
feed stream is cooled prior to entering the top of the primary redd¢terresin catalyst in the
primary reactor is fixed bedof small beadsThe reactants flow down through the catalyst bed
and exit thebottom of the reactoEffluent from the primary reactor contains ethaethanol
and unreacted isolefin and usually some paraffins from the feAdsignificant amount of the
effluent is cooled and recycled to control the reactor temperafhee net efiuent feeds to a
fractionator with a section containing catalyst or to a second re&thar is withdrawn as the
bottom productand unreacted alcohol vapour and-ddefin vapour flow up into the catalyst
reaction to be converted to eth€he processsually produces an ether stream and a relatively
small stream of unreacted hydrocarbons and metha@hel methanol is extracted in a water
wash and the resulting methaivedter mixture is distilled to recover the methanol for recycling
The excess methanahd unreacted hydrocarbons are withdrawn as net overhead ptict
fed to a methanol recovery towén this tower the excess methanol is extracted by contact with
water. The resultant methan@later mixture is distilled to recover the methandhich is then
recycled to the primary reaction
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Figure 2.16: Simplified process flow schemefoa MTBE production process

ETBE prodation process

The MTBE unit is able to produce ETBE with minor modificatoand elimination of
bottlenecing (increase capacity afhe column and coolerincrease bottom temperatuine
catalytic columnchange top and bottom temperaturethanol/wateraumn).

TAME production process

In this processCs 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 TAMErpduction are pentane remoyalcavenging
reaction and purificatiarFigure2.17 shows a simplified scheme for TAME production

Cs removal is achieved by distillation (depentaniser) of the LCCS feedstharheads are
condensed and the hydrocarbons are returned as reflux while gases go to the refiyay flue
system A C; sidestream is withdrawn from the column as feed to the TAME. @dlumn
bottom liquids (G.) are routed to Helending with the eventual @duct from the TAME unit

The G stream is then scavenged to remove catalyst poisons by passing it through an ion
exchange resin to remove basic nitrogen compqueds ammonia and any metallic
contamination A hydrogen feed is also scavenged to remawg acidic componentsThe
feedstockcontaining injected methanol and hydrogisrfed to the reactor sectiodydrogen is

used to convert dienes into mealefins and prevent gum formation during the reactidris

takes place over a palladivimpregnatd ionexchange resin and the isoamylenes are converted
to TAME.

The TAME product stream is purified by fractional distillatiovashing and phase separation
Fractionator overheads pass to a reflux drum with theeqgesphase of lowboiling
hydrocarbongC,, C,, C,, etc) together withunreacted hydrogdpefore 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 pldoen routed to a settléor phase
separationThe TAME gasoline fraction from this is blended with the depentaniser bottgms C
stream and passed to storagke methanol/water fraction is recycled to the methanol recovery
plant feed drum
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Methanol is recovered by distillatioin acommon stil] with the overheal methanol being
condensed and passed to buffer storage for recycling to the TAME plant or othefheses
bottoms are essentially water with some contaminants and are mainly recycled with a purge to
effluent treatmento avoid formic aciduild-up.
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Figure 2.17 Simplified process flow scheme of AME production
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2.12 Gas separation processes

Purpose andprinciple

Low-boiling hydrocarbons are usually treated in a common separation plant operating at
elevated pressureshe purpose of a gas plant is to recover and to sepafat€s@nd higher
compounds from various refinery ejases by distillatianin mineral oil refineries one (or

more) gas plant is present to handle different gas streams from different professest
reformers catalytic crackes, distillation units) These plants are the core for installations
refining natural gas (Sectich17), where the different components are separddegending on
application of the productsome refineries remove mercury from LRGs and naphtha

Feed and product streams

The feed of the gas plant consisfgyas and liquid streams from crude distillatioat crackers
catalytic reformers alkylation desulphurisation and similar unit®retreatment of some
feedstocks may be necessatypically by hydredesulphurisation (Sectio2.13 or amine
treating (HS removal see Section4.23.5.). The compounds recovered depend on the
composition of the feed and the market requiremdrtie gas streams are normally separated
into G and G fractions for sale or use as refinery fuel ,gaBG (propane and butane) and a
light gasoline (gand higher) strean®lefins, isoparaffins and 4paraffins can be also separated
in the process

Process description

As a minimumthe ga& plan consists of two columns where the first par absorber/stripper
column (deethaniser) strip all light C,-minus componentto maximise recovery of £plus
components from the feed strearfggure2.18 shows a isnplified process flow diagram of a
gas plant
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Figure 2.18; Simplified process flow scheme for a part of a gas plant

The feedstream to the gas plant is cooled and chillbd residual vapour phase from this being
routed to a refrigerated absorpeneeting chilled recycled light gasoline absorbehie
absorber overhead is theg,, fraction The bottoms are combined with thguid stream from
chilling, and pass to the first fractionator or-ekhaniser The first fractionator overheads
(essentially G-ethane) are combined with the absorber overheads while the bottoms pass to the
second fractionator to produce g @, overhead stream and debutanised gasoline bott@ns
recontacting sectignwvhere vapours from various units are compressed and recontacted with the
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de-ethaniser overheadan be installed to maximise thg/C, recovery The bottomf the de
ethanigr column mairly Cs/C4 compoundsare fed to the depropaniser colurihis overheads
stream is routed to a third fractionator to split thea@d G streams as overheads (propane) and
bottoms (butaneyespectively Products pass to pressurised storage via any finateniag by
selective molecular sieve adsorpti®@ubsequent loading of transport containers is carried out
by means such as closkxbp systems or by venting and release to the refinery fuel gas system

The gasolinébottom streanpasses to a fourth frashator to produce a depentanised fraction
for use as chilledrecyclal gasoline on the absorbérhe net output is blended to form the
gasoline productA drying step before sending to storagaybe necessary (not show)so, a

vessel containing a bed caustic pellets (not shown) can be installed in the butane system as an
additional guardalthough water and 4% should have been removed in the top of the de
ethaniser and dpropaniser columnf no (or insufficient) upstream treatment has taken place
this can also be done in the unit itseliy.with an amine LS absorber followed by a mercaptan
oxidation/extraction of the dethaniser bottoms with amine,& absorption of the dethaniser

net overhead gas

If thermal and/or catalytic cracking usiare presentecovery of olefinic components may also
be worthwhile It is also possible to separate isobutane frebrutane The isobutane can be
used as feed to an alkylation ynithile the nrbutane (or part of it) can be used as a blending
componentn the gasoline pool or isomerisation
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2.13 Hydrogen-consuming processes

Two types of processare included in this sectiotydrocracking and hydrotreatmenBoth
processes take place over a metal catalyst in a hydrogen atmodpaeyeof trese processe

are found in a refinerynormally named according to the type of feed to treat and the reaction
conditions The common denominator tinese processes is that all rely on hydrogenation
processes and consequently consume hydrdgemerisation processe$ alkanes or olefins
also consume some hydrogehut these processes are included in a separate section
(Section2.16).

Purpose and principle

Hydrotreating and hydroprocessing

Hydrotreating and hydroprocesgimare 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 pardfns for the purpose of reducing gum formation in fuélydroprocessing
which typically uses residuals from the crude distillation uraiso cracks these heavier
molecules to lightermore saleable productBoth processes are usually placed upstream o
theseprocesses in which sulphur and nitrogen could have adverse effects on the, satdlyas
catalytic reforming and hydrocracking unifBhe processes use catalysts in the presence of
substantial amounts of hydrogen under high pressure and teumpei@treact the feedstocks
and impurities with hydrogen

Hydrotreating
Hydrotreatingcan be divided into a number of reaction categorigsirodesulphurisatign

hydrodenitrification saturation of olefins and saturation of aromatids hydrotreater uni
specifically employed to remove sulphur is usually called a hydrodesulphurisation unit. (HDS)
In this section the standard hydrotreating of naphthal-distillate and residutype feed
streams is discussed and includes the items described. below

1 A naphtha hydrotreater unit normally serves three purposgssulphurisation
denitrogenation and stabilising the naphtha feed stream to the downstream isomerisation
and reformer unitsStabilising the naphtha streams usually requires the conversion of
unsaturted 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 hydrogenatdgdrogenation of aromatics is a
variant of either naphtha or of processed distillatBasoline desulphurisationis
dominated by sulphur removal from FCC naphtlbich account$or about 33% of the
gasoline pool but over 9% of the sulphur in gasolineDeep reduction othe gasoline
sulphur fo below 10 ppm) must be made without decreasisgctane number or losing
gasoline yieldThe problem is complicated by the high olefins contents of FCC naphtha
which contributes to octane number enhancement but can be saturated under HDS
conditions

1 A mid-distillate hydrotreater unit normally has two purposdssulphurisation and
hydrogenation of the midistillate streamStabilising middistillate streams is required
when large quantities of cracked components are blended to thdistiidte poo) and
usually requires partial saturation of aromatics and olefins and a reduction of the N
content The full saturation of aromatics may be requitegprepare naphth&erosenge
and diesel feedstocksAmong the applications of this process are srubiet
improvements in aircraft turbine fueleduction of the aromatic content of solvent stocks
to meet requirements for air pollution confrpioduction of cyclohexane from benzene
(LVOC) and cetane number improvement in diesel fuels

1 Diesel oil deep degphurisation (Hydrofining) is normally done to heating and diesel oils
to meet product sulphur specificatiohsrge decreases of diesel sulpmequirea high
desulphurisation o#.6-dimethyldibenzothiopheneas this is the least reactive sulphur
compoundthat ha substitutions on both-4nd 6positions The deep HDS problem of
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diesel streams is exacerbated by the inhibiting effects -efisting polyaromatics and
nitrogen compounds in the feexs well as ES in the product

| Residue hydrotreating isamly applied to improve the residue feed quality (normally
atmospheric residue) to a residue catalytic cracker (RCC) R@ICs are restricted to
process residue streams by their metal content and Concarbon number

Hydroprocessing

Hydroprocessingnay dso be designed to remove ldevels of metals from the feedhe
metals to be removed include nickel and vanadiuhich are native to the crude cdls well as
silicon and leagtontaining metals that may be added elsewhere in the refinery

Hydrocrackirmy
Hydrocraking is one of the most versatile of all refining processapable of converting any

fraction, from atmospherigas oik to residual (deasphalted),adito products with a lower
molecular weight than the feetihe hydrocracking reactions agcunder high hydrogen partial
pressure in the presence of a catalyst with afolb functiort hydrogenation and cracking
Hydrocracking may also be used for the cracking of superior fuels and the production of
lubricants (dewaxing is discussed in Sec0dB). The type of catalyst maximises the production

of naphtha mid-distillates or lube productionThe presence of hydrogen suppresses the
formation of heavy residual material and increases the yield of gadmji reacting with the
cracked productsgiving net productswhich are a mixture of pure paraffinsaphthenes and
aromatics Hydrocracking produces midistillates with outstanding burning and cold flow
properties as follow

kerosene with low freezghpoints and high smoke points;

diesel fuels with low pour points and high cetane numbers;

heavy naphthas with a high contef singlering hydrocarbons;

light naphhas with a high isoparaffin content;

heavy products that are hydrogéch for feed FCC uits, ethylene plants (LVOQ)or
lube oil dewaxing and finishing facilities (Secti@rg).

=A =4 -8 -8 -9

When hydrocracking is applied to heavy residuwegpretreatment is needed to remove high
metal conterst before the hydrcracking reaction is produceResidue hydroconversion is a
type of hydrocracking applied to convert lsalue vacuum residue and other heavy residue
streams into lighter lovoiling hydrocarbons by reacting them with hydrogen

Feed and product streams

Hydrotreating and hydroprocessing

These processes are applied to a wide range of feedstiamrhsLPG up to heavy residue and
mixtures thereof Table2.3 summarises the feedsroducts and process objectives facle type
of hydrotreatment
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Table 2.3: Feedstocksdesired products and process objectives of hydrotreatments
Feedstocks Desired products For the removal of;
LPG Clean LPG S, olefins

Catalyticreformer feed
(S:0.057 0.5 % wiw)
LPG, naphthas Low diene contents Dienes (25 1 ppm) in product
Cat cracked naphthg Gasoline blending compone| S

Ethylene feedstock (LVOC) | S, aromatics

Naphthas S (<05 ppm), N, olefins

Atmospheric gas oil§ Jet S, aromatcs
Diesel S, aromatic and paraffins
Ethylene feedstock Aromatics
Kerosene/jet S aromatics
(S: 0.05 to 18 % w/w) '
Vacuum gas oils Diesel (S0.05 to 18% 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
Atmospheric residu Low-sulphur fueloil S
Coker feedstock S, CCR and metals
RCC feedstock CCR, and metals

() CCR=ConradsofarbonResidue

Hydrocracking
Hydrogen in substantial quantities isnsamed inthese processesmaking the hydrogen

manufacturing unit mandatory (Sectid14) in refineries that contain hydrocrackintn
addition to the treated produgcteeseprocesses produce a stream of lifylel gases containing
hydrogen sulphideammonia and water

As is reflected inTable2.4, the main feed stream to a hydrocracker is the heavy vacuum
distillate stream from the high vacuum distillation uiites feedstocks are fractions which are
very difficult to crack and cannot be cracked effectively in catalytic cracking. ubitser
process streams such as heavy cycle oil frontétaytic crackeunit, heavygas ois from the
coker or visbreaker uniextracts from lube oil unitsmid-distillates residual fuel oils and
reduced crudes may be blended to the main heavy vacuum distillate. ftheamain products

are LPG gasoline jet fuel and diesel fuelall practically sulphufree The production of
methane and ethane is very lpmormally less than %.

Table 2.4 Feedstocks and desired products of hydrocracking processes

Feedstocks Desired products
Naphthas LPG
Atmospheric gas oils Naphtha
Atmosphert residue Diesel
LPG
Naphtha
Ethylene feedstock (LVOC
Kerosene/jet
Diesel
Lube oil base stock
LPG
Naphtha
Vacuum residues Kerosene
Gas oil
Fuel oil

Tars and derived bitumens (metal content <500 p Diesel

Vacuum gas oils
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Process dscription

Types of reactor technologies applied in hydroconversion and hydrotreatment

There are several residue hydrotreating and hydroconversion technologies in usd heglay
can be classified into four categoriéised bed swing reactor; mang bedand ebullatd bed
The selection of the type of process is predominantly determined by thk gostent in the
feed Fixedbed esi due hydr oconver si-comainingfeedsgi®0 ppm)d f o
and the required conversion is relatively Janoving bed or ebullated bed technology is used
f or 0 hi-gpmadningrfeetdsaid overcome metal paising of the catalyst in fed bed
and to maintain the concegbme licensors propose the swing reactor conoaptreactor is in
operation whilst thetber one is oHline for catalyst replacemernthe concept and layout of the
fixed bedhydroconversion technology is identical to long residue hydrotreatioging bed
technology or ebullated bed technology is selected when the metal content in the fiessitis
typically above 100 ppm but below 500 ppNormally this concentration of metals in the feed
is found in vacuum residue streams from heavier cruulesnen streams from tar sands and
heavy atmospheric residue stread®esth technologies allow widrawal and replacement of the
catalyst during operatiothe main difference is the reactor configuration

Hydrotreating and hydroprocessing

Naphtha hydrotreater

Naphtha feed is mixed with a hydrogeoh gas streamheated and vaporised in the reactor
feed/effluent exchanger and the furnamed fed into the hydrotreater reactor with aefixbed
cobalt/nickel/molybdenum catalysthe reactor conditions can vary but are typicallyi 300
bar and 32G 380°C. The reactor effluent is cooled in the fedfileent exchanger and reactor
cooler and flashed into the higinessure separatofhe flashed vapourgonsisting mainly of
unreacted hydrogemre compressed and recycled to the rea@itoe fractionation part is very
similar to the one explained in thgdroconversion procesSee also hydrofining below in this
section)

Catalytic distillation(CD HDS)

This process aimto selectively desulphurise(to ultra low sulphur) FCC gasoline with
minimum octane losdHydrogen and full rargy FGC gasoline are fetb the reactive distillation
column where light naphtha is distilled frahretop. Bottoms containing the reacted mercaptans
are fed to the CD HDSvhere heavy and mid naphtha are catalyticadlgulphurisd. Catalytic
distillation eliminates catalyst fting because fractionation removes heavy coke precursors
from the catalyst zoneThe [fetime of CD HDS is similar to FCC (4 5 yearcycles) Milder
temperature and pressure diminish octane losses

Distillate hydrodesulphurisation

Figure2.19 provides a simplified flow diagram of a typical distillate HDS umitie distillate
feed may range from kerosene up to long vacuum gas oil or mixtures thEheofeactor
system is in principle the same as for the naphtlddtreater The main difference is that the
feed does not fully vaporise and the reactor operating conditions are more 46vVev® barg
and 330° 390°C. Furthermoreit is normal practice that wash water is injectet the reactor
effluent stream Wwen nitrogerrich feedstocks are desulphurised

Solid deposits like ammonium sulphides (N4$ and chlorides NkCI are formed in the cooler

parts of the unit and must be removed by water waske liquid from the lowpressure
separator is fed to a strippcolumn to stabilise and strip off the light hydrocarbons a8 H

The stripping steam and light hydrocarbons are taken overbeadensed and separated into a
sour water phase and a hydrocarbon phElse water phase is sent to the sour water stripper
andthe light hydrocarbon phase is normally recycled to the crude unit or naphtha hydrotreater
distillation section for further fractionatiodny water dissolved and dispersed in the distillate
should be removed to avoid the formation of haze and ice gtioeed
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The wet distillate is therefore either fed to a vacuum coljumiere the total water content is
lowered to 50 ppror sometimes a combination of coalescer and molecular sieve beds,is used
where water is selectively adsorbed on the bed

Sour gas
» to amine
treatment
v
Flue gas N Steam
Ejector set
I Slops oil
Stripper
\4 () ( I ) >
D e Sour water
to SWS
y
OFF GAS
HP. LP
Reartor ( Sea {tors )

I l ........... o | - Slops oil
Hydrogen Sour water Drier
— to SW stripper

€ N
Sour water
t “ to SWS
Distillate | Fuel Wash ™1
Water ~
<
U ﬁ Distillate
N > to storage

Figure 2.19; Simplified process flow scheme of a distillate hydrodesulphurisation unit

Diesel oil deep desulphurisatigydrofining)

Because this technique operates at low presseffeasent hydrogen utilisation can be achieved
within an overall refinery contex¥ery low sulphur contents can be achieved (8 ppm) in the
raffinate The unit usually operageat 45 bar andansumes very small amounts of hydrogen
Equivalentdeep desulphurisation techniques for gasoline with a comparatively low hydrogen
consumption are currently under development

Researchon this processhas gained considerable importance in recent sy¢amther
information can be found in SectioBsl3 4.13andChapter6 of this document)Development

is taking place bottat the research and industrial legeto deliver a wider process option
Approaches can be grouped depending on whether the technique is applied aftforer
during FCC;whether ituses a largamount, average amount no H to remove sulphur
specieswhether ittarges solely reduction of sulphur content or combines other improvement
processesand whether iis a new process or an optsaiion (revamping) of HDS design or
conditions

Lower sulphur content can be achieved by revamping existing Hi2Shy means of replacing
the catalyst typeincreasing catalyst volumenhancing operating severity (temperature apd H
pressure) removng H,S from recycle gasand usng high efficiency distribution trays
Commercially available calysts are numerouand evolvingsuch asahew catalyst preparation
method that incrases active Gd/o-S phase

The following tables show exampglef revamping process data
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Table 2.5; Revamping procesexamplesfrom 500 ppm to 30 ppm sulphur
Current | UOP IFP Akzo | Criterion | Topsoe

LHSV() 2 1.5 1.45 1.08 0.5 1
Amine scrubber installed no yes yes yes yes yes
Mol % purity of H, 75 90 913 75 75 75
Ratio of circulating H 1 1.9 3.649 1 1.6 1.16
Catalyst packing method| Sock Dense | Sock | Sock Sock Sock
() Liquid Hourly Space Velocity

Source[ 79, Fayruzov et aP009 ]

Table 2.6: Revamping proassexamplesfrom 30 ppm to 10 ppm sulphur

UOP IFP Akzo Criterion Topsoe
LHSV() 15t009 | 145to1 | 1.08t0 Q45 | 0.5t0 04 1to Q7
Ratio of circulating H 1.9t0 2 3.649 to 1 1.6to 185 1.16

unknown

Partial pressure (kg/chn 46 58 46 46 46
() Liquid Hourly Space Velocity
Source 79, Fayruzov et aP009 ]

New deep HDS process focus on process and reactor design configuration as well as
addressing other stepSone examples arectane recoverycetane increasedearomasation
eliminating nitrogen compoundsThese new techniques are lkdhs®m other principles like
reactive distillation adsorption reactive adsorption at high temperature olap adsorption in
countercurrent approach Some of them consume significgniow H, such as theeactive
adsorptiorprinciple

There has beeintensive development in néth, desulphurisatiotechniquesMost of them are
mentioned in Gapter 6 of this document Some oxidative dailphuation processes (like
SuphCo) have reached commerciation with substantially lower operating costs

Table2.7 illustrates som@rocesssof deepdesulplurisationof gas oiland naphtha
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Table 2.7: Examples of processsfor deepgas oiland naphtha desulphurisation
Key Industrial H, Octane | Name of .
Process e . Licensors
features | application | consumption| loss process
Naphtha
hydr'o Conventional yes high high various a ngmber of
treating firms
(NHT)
NHT + Zeolite + . Octgain | ExxonMobil,
octane isomerisation yes high low Isal UOP
increase
RT-225 yes medium low | SCANfining | ExxonMobil
Selective | Dual catalyst yes medium low PrimeG+ IFP
NHT Catalytic . CDHydro/
distillation yes medium | low | “oppng | CDTech
Selective
NHT + Combination yes medium low SCANfining ExxonMobil
octane 1l
increase
Zn adsorben yes low low S Zorb Philips
Adsorption Alumina pilot low low Irvad Alcoa
adsorbent
Extract_lve Selective yes none low GT-DeSulf GTC
distillation | solvent sys
Oxidation Peroxyacid pilot none low CED Petrostar
Ultrasound pilot none low SulphCo Bechtel
Alkylation Solid acid pilot low low OATS BP
Bio . . .
. Bio catalysis no none low Enchira
processing

Source [ 80, Stanislaus et #1010 ]

Residue hydrotreating

The principle process scheme for residue hydrotreating is the same as normal diBtilate
main dfference is the reactor systemhich normally consistof 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 catalysFurther hydrotreatig and hydrogenation occur in the tail
reactor(s) resulting in a higher hydrogen-carbon ratio and a lower Concarbon number of the
residue Since the catalysts operate in g&Hand NH-rich environment the nickel/molybdenum

or nickel/tungsten catalystge usually applied in the tail reactof@ble2.8 shows the typical
hydrotreatment operating conditions for the different feedstocks

Table 2.8: Typical hydrotre ating operating conditions
Operating conditions Naphtha d.M.'d § nght_ gas Heavy Residuum
istillate oil gas oil

Liquid hourly space velocity| 1.07 5.0 1.071 4.0 1.071 5.0 | 0.7571 3.0 0.157 1
H,/HC ratig Nm*/m® 50 135 170 337 300
H, partial pressurekg/cnt 14 28 35 55 55
Reactor temperatuyeC 2607 380 | 3007 400 | 30071 400 | 35071 425 | 35071 425
Source [175 Meyers 1997 ]

Hydrogenation of light dienes

This process is a higjselective catalytic process that can hydrogenate acetylenes and dienes to
the corresponding moralefin without affecting the valuable olefin content of the feedstlick
addition this processcan be designed to provide hydsomerisation of some of ¢holefins
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(e.g.conversion of dbutene to zbutene) Hydrogenation takes place in a liquhase fixed bed
reactor Unless the hydrogen purity is Iowo separation step is required for the removal of the
light ends from the producthus reactor effluentan be charged directly to downstream units

Saturation of aromatics

The use of higly active noblemetal catalysts permits the reactions to take place under mild
conditions Because of the mild conditions and the very selective catahgstields arehigh,

and hydrogen consumption is largely limited to just the desired reactioasgprocess is carried
out at moderate temperatures (20870°C) and pressures 071 8275 kPa) over a fixed
catalyst bed in which aromatics are saturated and in wiydiogenation of olefinmaphthenic

ring openings and the removal of sulphur and nitrogen occur

Hydrocracking

Hydrocracking normally uses a & bedcatalytic reactor with cracking occurring under
substantial pressure (35200 kg/cr) in the presencef hydrogen at temperatures between
280°C and 472C. This process also breaks the heaniphur, nitroger and oxygerbearing
hydrocarbons and releases these impurities to where they could potentially foul the. ¢atalyst
this reasonthe feedstocksi often first hydrotreated and dewatered to remove impuritigs (H
NHs, H,O) before being sent to the hydrocrackiérthe hydrocracking feedstocks are first
hydrotreated to remove impuritiesour 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 thehyditbcracking is conducted in either
singlestage or multistage reactor processkydrocrackerscan be classified into three
categorie. singlestage oncgéhrough singlestage recycle and twstage recycle These
categories are described below

Only fresh feed is processed in the sirgfigge oncg¢hrough hydrocrackerThe conversions
achieved are around 8090 %, depending orthe caalyst and reactor condition¥he heavy
residue is either sent to the fuel oil pool or further processedcatadytic crackemor coking

unit.

In the singlestage recycle configuratipthe unconverted oil is recycled to the reactor for
further convern®n, increasing the overall conversion to around 3B %. A small bleed stream
of about 2i 3% on fresh feed is required to avoidbaild-up of polyaromatics (PAH) in the
recycle loop Figure2.20 shows a simplied process flow diagram of the singltage
hydrocracker with recycle configuratiomtn the first reactor bedsconversion of N and S
compoundssaturation of olefins and partial saturation of PAH takes placthe subsequent
beds the actual crackingvill take place The vapour from the lowpressure (LP) separator is
used as refinery fuel after amine treatiMpny different fractionation section configurations
are found A common fractionation section is illustratedRigure2.20. The product stream is
fed to the debutaniser column to separate the.OP@& LPG stream is washed in an amine wash
and then fractionated into a propane and a butane strEaen bottom stream from the
debutaniser column is fed to thiest fractionator In this columna light naphtha stream is taken
as overhead producheavy naphtha and kerosene are taken asssig@ms and the bottom
stream is fed to a second fractionatarthe second fractionatooperating at mild vacuunthe
diesel product is taken as the overth@aoduct and the bottom stream dhe unconverted oil is
recycled to the reactor section
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Figure 2.20: Simplified process flow schemef a hydrocracker (single-stage with recycling)

In the twostage recycle configuratipthe first hydrocracker reactor operates in a ehceugh

mode with a typical conversion of around%0The urtonverted oil from the first hydrocracker
reactor is fed to a second hydrocracker reactor for further convef$ierunconverted oil from

the second stage hydrocracker is recycled to achieve an overall conversion of arb@8dQ7

A small bleed strearof about 2i 3% on fresh feed is also required hefdis concept is
normally applied when a very heavy high refractory feedstock such as deasphalted oil is
processedTwo-stage configurations are usually more esféective for large capacity unijts

and more flexible and efficient for processing difficult feedstocky adjusting specific
catalysts for each stagmost ammonia and hydrogen sulphide can be generated at the first
stage allowing a cleaner second stage reaction enviemrwith improved midé distillate
production yield and product qualityfable2.9 shows the typical operating conditions of
hydrocrackers

Table 2.9: Typical hydrocracker operating conditions
High-pressure Moderate-pressure
Parameters . .

hydrocracking hydrocracking
Conversion% w/w 707 100 207 70
Pressurgbarg 1007 200 707 100
Liquid hourly space velocity 0.57 2.0 0.57 2.0
Average reactor temperati€ 34071 425 34071 425
Hydrogen circulationNm*/m® 6507 1700 3507 1200
Source [ 175 Meyers 1997 ]

Hydroconversion

In principle three reactionsake place hydrodemetallisationhydrotreatinghydrogenation and
hydrocracking Removal of the metals from the residue feed predominantly occurs in the first
reactor(s) and uses a low activitpbalt and molybdeneCp/Mo) catalyst Hydrotreating
hydrogenation and hydrocracking occur in the followinacter(s) where the quality is mainly
improved by increasing the hydrogearbon ratio Conversion levels to products in a
hydroconversion process are typically i590%, but depend significantly on the type of
hydroconversion process and the quality effiedstock

86 Refining of Mineral Oil and Gas



Chapter 2

Figure2.21 shows a simplified process flow diagram of a moving bed proddss process
comprises five reactors in seriesitalyst handling facilities and a weulp sectionThe reactors
operate ahigh pressure and relatively high temperatures

The first three reactors are bunker hydrodemetallisation (HDM) readtoeshickelvanadium
(Ni+V) conversion typically exceeds 60 for the first 60 days of operation and then gradually
trends towards thexpected equilibrium conversion levg0 % to 70%. This way high-metal
feeds can be treated

The last two reactors are & beddesulphurisation and conversion reactdise moving bed
technology employs a bunker flow/moving bed technology to megflethe 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 depdsigoratalyst

in the HDM reactors flows concurrentip@nward with the process fluidScreens separate the
catalysts from the process fluids before leaving the redghgice systems are present at the top
and the bottom of the reactors to enable catalyst addition and withdrawal

The following conversiorsection consists of two fied bedreactors in seriescontaining
catalyststhat are highly active for sulphur removal and conversitre éullated bedreactor
operates as a fluiddsl bedthreephase system with backmixing of the unconverted liquid and
the catalyst

The concept of the fractionation section is also very licedespendent as it depends on the
configuration of the separator system and the resulting tempetafypmsally, it consists of a

main fractionatgra vacuum distillation columrand some form of a gas plant to fractionate and
stabilise the lighter fraction®roducts from the fractionation section are normally refinery fuel
gas LPG, naphthakerosenglight gas oil vacuum distillate and a losulphufmetal vacuum
residue (bottonmjsstream 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 progcessing
identical to the straightun naphtha producfThe kerosene and lighldas oil products are
normally fed to a hydrotreater for further purificatidime vacuum distillate is converted further

in a hydrocracker or FCC unithe bottom streanis normally blended into the heavy fuel oil
pool or used as delayed coker feedstock
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feed Hydroconversion reactors Recycle gas

—» Off-gases
Separator
section
—» Gases
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—> Kerosene
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Figure 2.21: Simplified process flow schemef a hydroconversion process (moving bed)
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2.14 Hydrogen production

Purpose and principle

There is an increasing demand for hydrogen in European refidung to anincreased use of
hydrocracking and hydrotreatinlylore hydrodesulphurisation is needed to achieve legislative
requirements for lower sulphur content in fuels

In such a context{ the purpose of a hydrogen plant is to produce hydrogen for use in
hydrocracking and other hydrogennsuming refinery process units (Secti@ris3and2.16).

Hydrogen ca be provided by one of the following processes

1 reforming operations (Sectio2.6) for hydrotreating (refineries withthe simplest
configuration may produce sufficient quantities)

steam reforming of light els or natural gas;

partial oxidation (gasification) of heavy oil fractions (IGCC in Secfaok) to produce
syngas where hydrogen can be separated

T
T

Complex plants with extensive hydrotreating and/or hydrdéngcoperations typically require
more hydrogen than is produced by their catalytic reforming.urtits reliable operation of a
hydrogen plant is critical for the hydrogennsuming processeReactionsthat mayoccurin
these processes are lisiad’able2.10.

Feed and product streams

The feed of the hydrogen plant consists of hydrocarbons in the range from natural gas to heavy
residue oils and cokdhe conventional steam reforming process produces a hydpogduct

of a maximum of 97 98% v/v purity and higher if a purification process is applied.999
99.999% v/v). The partial oxidation process requires oxygen if oxylglenvn gasification is

used instead of alslown gasification

Table 2.10: Main chemical reactions occuring in hydrogen production processes

Steam reforming process
CHn+ nH,O===>n CO + (n+m/2) H

Generic for steam reforming
(endothermic)
Steam methane reforrmg
( pH-206kJ/mol at 13C)
L Shift (exothermic)
CO + HO <===>C0O, + H, ( @H =.2ki/mdl dt 15C)
CO + 3 H <===>CH, + H,O Methanation
CO,+4 H,<===>CH, + 2 H,O (exothermic)
Partial oxidation

CHn+ n20G,===>n CO + m/I2 H

CH;+ HO<===>CO + 3 H

Generic for partial oxid#on
(endothermic)
Shift (exothermic)
( pH =.2kd/matdt 15°C)

CO +HO===>CO; + H,

Gasification
C+HO===CO+H

Coke gasification
( pH-132kJ/mol at 15°C)
Shift (exothermic)
( pH =.2kKd/matdt 15°C)

CO + HO===>CO, + H,

In steanreforming only light hydrocarbons are reacteith steam to form hydrogeiowever
al products of a refinery could be used for hydrogen production by partial oxid@tiermost
interesting option from the economic point of view is to use productsanitiv market value
In some refinerigsheavy oil residues are transformed to petroleum cokk savsequently
gasified (Sectior2.7) to produce syngas
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Hydrogen production strategy
Both reforming and gasificath can lead to eeducedenvironmental impact dahe overall site
scale The choice between these two agfees primarily depends on two factors

1 the availability and nature of excess hydrocarbon streams which may be used as
feedstocks
1 the quantity ohydrogen required

The primary advantage of a gasification strategy is tisaful products are generatas raw
synthesis gas containing carbon monoxide and hydr¢gemTable2.11). It does so from
heavier refhery hydrocarbon streams that would not ottise have been uset@iherefore the
implementation of gasification technology has an environmental and economic benefit on the
overall refinery conversion performanddowever one clear limitation is that theydrogen
produced from gasification can only be considereg-prbduct The heavier the feedstqaake

lower the H/CO ratia the most common solid and liquid refinery streams are going to yield a
molar ratio less tha@ (seeFigure4.40 in Chapter4.14.]). The economic and environmental
viability of the gasification technology depends primarily on having a productive use of the
resulting syngas/CO primary produdthe €cond limitation arises from the availability of
hydrogen within the refineryMore specifically the heavier refinery hydrocarbon (waste)
streams that would be gasified simply may not have enough hydrogen in them to produce the
required quantityln caseof a very large hydrogen requirement (as is often the cése) an
additional hydrogen supply (usually by light hydrocarbon steam reforming) would be needed

By using a steam reforming strateglye yield ismuch higherAs such hydrogen can be truly
considered the primary produetowever the main limitation of this process is that it requires a
light feedstock (natural gasaphtha or other light hydrocarbon cutshich is also a potential
high value feedstock for other refinery or petrochemicalliegtions or a favourable fuel
source for reducing the site RMOy and SQ emissions

In all caseshydrogen purification is necessary to meet the downstream desulphurisation process
requirements This is true for steam reformingasification or any other already existing
streams within the refinery

Process description

Steam reforming

This is the most commonly used method for hydrogen produdtfmbest feedstocks for steam
reforming are lightsaturatedand low in sulphur; this includes natligas (the most comman)
refinery gasLPG, and light naphthaln its simplest formas shownin Figure2.22, the steam
methane reforming process for pure hydrogen production consists of four : stages
desulphuriation unit a steam methane reformeshift reactor(s)and finally pressure swing
adsorption

A
Flue ' | Steam
Gas :
v
Feed | Desulphurization Steam Pressure Hyd
> R »  Methane »  Shift Reactor > Swing Ll
Unit ;
Reformer Adsorption
7 Y ‘
Fuel‘ ik Sleam PSA Tall Gas
v
Source[ 56, EIGA 2009

Figure 2.22 The four main steps of B production by steam methane reforming
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The reaction is typically carried out #&07 1000°C and a pressure 207 40barg over a fixed
catalystbed which is very sensitive to poisoninBesulphurisation of the feedstock is required
in order to protect the catalyst in the reformer furnace agaeasdtivation

It is common pratice to operate at excess stelydfocarbon ratios to prevent carbon
formation Heat for the endothermic reforming reaction is provided by the furnace hufhers
reformed gasa mixture of hydrogercarbon dioxidecarbon monoxidemethane and steans
cooled down to about 35 by rising steamAfter reforming the COin the gas is reacted with
steam to form addibhal hydrogen (shift reaction)

The oxidation of the CO to G@an be done in a orsep (low medium or high temperature)
converter in a twetep shift (high followed by low temperature) converteducingthe CO
content to less than®%. The product gas passes t838A which delivers ultr@pure hydrogen
The PSA tail gas is recycled to the stea@thane reformer burners stsoownin Figure2.22.

More information on hydrogen productioncan be found in the LVIAAF BREF
[92, COM 2007 ]

Gasification of coke

The processes used for the gasification of petroleum coke are the s#éinoseassed in the
gasification of coal and they are integrated in the FlexicdBee$ection2.7). In an oxygen
blown operating mode of a gasifi¢he gas produced can be processed to recover hydrogen or
synthesigjas or can be used as a medhugalorific value fuel The gasifier product gas (syngas
CO, H,, CO,, CH, and HO), after it has passed the cyclonesntains hydrogen sulphide {&)

and carbonyl sulphide (COS)ith a sulphur adsorbent such as limestor&QQ) or dolomite

(Mg, CaCQ) in the gasifierthe sulphur content of the gas can be drastically reduted
sorbent is usedhe sulphur content of the gas will be in proportion to the sulphur in the feed
The particulates in product gas are removeth@nbarrier filter Volatile metals and alkali tend

to accumulate on the particulate as the gas is coblexlparticulates contain a high percentage
of carbon and are usually sent with the ash to a combwudtere the remaining carbonbsirnt

and the alcium sulphide is oxidised to sulphate this hotgas clearup systemthere is no
agueous condensate producaithough some may be produced in subsequent processing of the
gas

Table 2.11: Example of composition of petroleum coke useénd the composition of the syngas
produced in an oxygenblown fluidised bedgasification process
Analysis of petroleum coke Composition of gas produced by gasification

usedin gasification at 9807 1135°C

Ultimate andysis % wiw % viv

Carbon 87.17 90.3 CO 34.37 45.6

Hydrogen 3.81 4.0 CGo, 27.31 364

Sulphur 2171 2.3 Hydrogen 1357 16.8

Nitrogen 161 2.5 Water 8.71 139

Oxygen 1571 2.0 Methane 0.17 0.9

Proximate analysis Nitrogen 0.47 0.7

Fixed carlon 80.471 89.2 H.S 0.37 0.6

Volatiles 9.07 9.7

Moisture 0.97 10.2

Ash 0.271 04

Source[ 175 Meyers 1997 ]

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 S&:fion Since the

high temperature takes the plawfea catalystpartial oxidation is not limited to the lightlean
feedstocks required for steam reforming
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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 fMghere hydrogn production is a relatively small

part of the total gas stream membrane is normally used to withdraw a hydremggmn stream

That stream is then refined in a purification unit

Purification of hydrogen

A wide variety of processes are used to punifgrogen streams§ince the streams are available
at a wide variety of compositionflows, and pressureshe method of purification will vary
They include wet scrubbingnembrane systemryogenic separation and pressigwing
adsorption (PSA)This last technique is the most commonly uséd the PSA plantmost
impurities can be removed to any desired leSeleral layers aibsorbentgmolecular seves)
removecarbon dioxide water, carbon monoxidemethane and nitrogen from the @titeam
Nitrogenis the most difficult to remove of the common impuriti@sd removing it completely
requires additional adsorber8ince nitrogen acts mainly as a dilueibtis usually left in the
product if the hydrogen is not going to be used in a very-pighsuresystem such as a
hydrocrackeior a common networkdydrogen purity is 991 99.999 % v/v after the PSA unit
The residual constituent of the product gasisuallyless than 10 ppm CCseveral adsorber
beds are usednd the gas flow is periodically swited from one vessel to another to allow
regeneration of the adsorbent by pressure reduction and putigirsgreleasing the adsorbed
componentsThe desorbed gas is used as fuel at a convenient location
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2.15 Integrated refinery management

All refinery pracess unitssystems and activities are typically operated in an integrated way
aimed at optimising production in a way that is econpsustainable and acceptable to society
This requires a concerted wallanaged approach in the execution and planriradl activities
likely to impacton the site environmental performance

Sections 15 of Chapters 2 and4 aim at describing general management activities related to
the environment with a foals on several aspects of hdkeseping soil and groundwater
protection and utility management which are particularly relevant to the refining s@dtese
Sectionshave been structured accordioghe twofollowing categories

1 Refinery management activities including environmental management tools and good
housekeeping techniqueWVithin this sectionactivities such as maintenanegeaning
good design production planning (includingstartups and shutdowng)training
information system process supervision/control systems and safety systems have been
included.

1 Utilities management within a refinery not covered by other sectisunsh as water
management blowdown systems compressed air generation and distribution and
electricity distribution systems

Refinery management activities

Environmental managemetools

An environmental management system (EMS) is a system for managing all activities (including
energy) in a refinery thairesentghe purpose of the refinery as a whale responsibilities of
employees/management and procedures to be followeéhtrinsic aim of EMS is to achieve
continuous improvementwith a refinery learningin particular from its own operational
experienceas well as that of otherSeealso Sectio.15.1.1on EMS

The develoment of EMSstarted by building upon the experience gaibgdother business
parametersQuite often management responsibility fthe environment iplaced on the same
person with the management responsibility for safethealth and sometimes quality
Environmental management is also named environmentallpates section the importance of

good housekeeping and management is highlighteés remarked that systems exist for
improving performance in many fieldsuch as safetymaintenanceand product quality.
Environmental Management Systems have also been developed for the improvement of refinery
performance in environmental matters

Good housekeeping

Good housekeeping techniques refer to the proper handling of thie-day aspects of running

a refinery. Many daily refinery activities undertaken in various domains lk&intenance
cleaning new process and process modification developmmotuction planning (including
startups, shutdowns)information systems process supervision/conantitraining and safety

are likely to have an impact amvironmental performance and should be managed properly in
that respectOther European regulatory schemidee the Council Directive 96/82/EC on the
control of majofraccident hazardsinderline the imprtance of proper housekeeping and the
obligation to plan and contralktivities dficiently within the refinery EMS

Heat exchanger cleaning

Heat exchangers are widely used throughout petroleum refineries to heat or cool petroleum
process stream3he teat exchangers consist of bundles of pipalses plate coils or steam

coils enclosing heating or cooling watsteam or oil to transfer heat indirectly to or from the

oil process streaniThe bundles are cleaned periodically to remove accumulatiossabéd

sludge and any oily wasteSherefore heat exchanger cleaning is one issue of particular
importance to be addressed within refinery management activities
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Utilities management

Energy management including steam management and cooling are indwdedr Section8
and 10

Water management

Water is used within a refinery as process wabeiler feed firefighting preparednesand
cooling waterand these require adequate management before dischargthéarmeceiving
environmentBesides theseny precipitation likeainwater (clean or contaminated) is another
type of water that should al#® consideredin addition sanitary waste wateballast water and
blowdown water are other sources of waste whigrmay require treatment before disgjea

Water masteplans are normally applied to refineries in order to optimise the consumption of
water Water inventories are sometimes a great help in the management gfmattdring the
quantity and quality of the effluent§Vater integration and amagement is dependent on the
refinery configurationthe crude quality and the level of desalting requitkd cost of potable
water, the availability of rainwater and the quality of the cooling water

Within a refinery a number of standard proceésgegrated effluent/water treatment provisions
are availableas well as a number of standard possibilities for water reductiomesuse In

most refineriesa number of these options have already been implemented to someestttent

in the original degjn or by retrofit Segregation of process water discharges and other types of
water are also points to consider in the water management sya#ast water is relevant to
theserefineries that have crude receipt facilities from ships or handle big gréahicers or
inland bargesThis ballast water can be high in volume and salt content (seawaiet)
contaminateavith oil andwill require appropriate treatmehtowever volumes of ballast water

to be treated are declining with the gradual introduatiosegregated ballast tankers

Water drainage applies to any industrial .slteentails the complete system of fresh water
supply, rainwater ballast water process watercooling water and groundwateas well as
effluent collection storage and the viaus waste water treatment systenifie design is based
on local factors (rainfallreceiving water bodiestc), effluent segregatignsource reductign
first flushapproachflexible routing andeuseoptions

Recirculated process water streams aodliag water streams are often manually purged to
prevent the continued bu#ap of contaminants in the stream (blowdown system)

Purge/vent systems

Most refinery process units and equipment amangd into a collection unitcalled the
purge/vent syiem Thesesystems provide for the safe handlingdadisposal of liquid and
gases as well as for shutdowrcleaning and emergency situatiofurge/ventsystems are
either automatically vented from the process units through pressure relief, vatvese
manually drawn from unit®art or all of the contents of equipment can also be purged prior to
shutdown before normal a@mergency shutdown®urge/ventsystems use a series of flash
drums and condensers to separate the blowdown into its vapour anadgudnents

Compressed air generation
Compressed air is necessary as a utility within a refideig normally generated by electric
compressors and is distributed around the refinery

Heating of pipes

Current practicesire to apply steam heatinpw-pressure steamglectric heating or hot oil
heating of linesif it is required Electric heating normally generates less corrosion and
consequently is easier to maintain compared with heating using. dtedirail heating is used
when high temperatuseare 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 molecul&ypically, low-molecularweight paraffins C,-C) are
converted to isoparaffgwith a much higher octane indekhe isomerisation of olefins is also
included in this sectian

Feed and product streams

Typical feedstocks to isomerisation units are any bujgrestane or hexaneich feedstream
These streams are hydrotreated n#ph straight run light naphthalight naphtha from
hydrocrackerslight reformate coker light naphtha and the light raffinate stream from an
aromatic extraction unifThe feedstream toa Cs/Cg isomerisation unit is normally fractionated
so that it incldes as much of thes(Cs as possiblewhile minimising heptanes and heavier
compounds

Process description

Figure2.23 shows a simplified process flow diagram of a {f@mperature isomerisation unit
with hydrogenand hydrocarbon recycl@he isomerisation reactions occur in the presence of
hydrogen and catalysthe atmosphere of hydrogen is used to minimise carbon deposits on the
catalyst but with a low hydrogen consumptioifhe reactions normally take place two
reactors imseries An advantage of the twieactor scheme is that the first reactor may operate
at higher temperatures to kinetically drive the reactindle the tail reactor may be operated at
lower temperatures to push the desired productgrctosequilibrium conversion

Make up E:>—/\\
hydrogen Recycle gas
Fuel gas
e — o

LPG

S
q_‘ k=] Stabiliser
3
i
C4/C, feed [i>hr4;:1\\ &
—
Drier |
( l ) ( l ) AB-description
T and/or — » High octane
deisohexaniser isomerate
nCy/nCq l

Figure 2.23; Simplified process flow schemef an isomerisation unit

There are several isometiigm processdesigns based on three isomerisation catalyst
technologies that can be further designed to operate with or without hydrogen recycle and with
or without hydrocarbon recyclen general they can be classified tm two categories
tydrocarboroncet h r oardpyrécarbon recycled

1 In 6 o ntcher oisoméridatiordesignsonly fresh feed is processed in the isomerisation
unit. The octane number which can be achieved is only arouildB@7RON when using
a zeolitebased catalys and 82 85 RON using a chloridgromoted catalyst
Conversions of 806 can be expected

1 In hydrocarba recycle isomerisatiodesignsthe unconvertedower octane paraffins are
recycled for further conversioibepending on the recycle optiothe recycle may be
normal paraffins or methylhexanes andhexane The octane number obtained can be up
to 92 RON dependent on the feedstock compositmnfiguration and catalyst usethe
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yield in the isomerate is around 998 %, depending on the targeted octane number of
the final stream

There are three distinctly different types of isomerisation catalysts currently. in use

1 chloridepromoted
1 zeolitic
1 sulphateezirconia catalysts

The zeolite catalyst operates at signifitanhigher temperatures (250 280 °C and

157 25barg) and is more tolerant to contaminatieugh the resulting octane improvements
are lower The zeolite catalyst is mainly used when higher octane isomerate product does not
justify the additional capital required to reduce feed contaminantshé&rchloridealumina
catalyst or is a better match for a retrofit udihe highly active chlorid@romoted catalyst
operates at a relatively low temperature (13®B0°C and 30 barg) and gives the highest octane
improvement This type of catalyst reques the addition of small amounts of organic chlorides
which are converted to hydrogen chloride in the reactor to maintain the high adtinstych a
reactor the feed must be free of oxygen sources including water to avoid deactivation and
corrosion prokems Furthermore this catalyst is very sensitive to sulphuso deep
desulphurisation of the feed to less thab fijpm is requiredLower reaction temperatures are
preferred to higher temperatures because the equilibrium conversion to the desired isomers
enhanced at lower temperatures

After isomerisationthe light ends ar&actionatedfrom the product stream leaving the reactor
and are then sent tefinery fuel gas or to the light ends recovery uinita hydrocarboronce
through isomerisation i the bottom stream from the stabiliseragter product coolingsent

to the gasoline pooln ahydrocarborrecycleisomerisation desigrthe bottom stream from the
stabiliser is fed to a separation ynithich is either a deisohexaniser column oraalsorption
system

In the deisohexaniser columa split can be made between the higher octane dimethylbutanes
and the lower octane methylpentan€ke dimethylbutanes and lower boiling € mponents
(isomerate product) are taken overhead from the columanare sent to the gasoline pdidie
methylpentanes and normal hexane are taken as &ts@den close to the bottorand are
recycled to thasomerisationreactor The bottom stream from the deisohexaniser is a small
quantity of heavy byproduct whichis sent with the isomerate product to the gasoline pool or to
a catalytic reformer if the refinery recovers benzene as chemical Téwd principle of
adsorption is that the unconverted normal paraffins are adsorbed on the molecular sieve whereas
the isopaaffins pass the adsorbelesorption takes place with heated hydregeh gas from

the separator or a butane mixturée desorbent is separated from the net hydroigérrecycle
stream in a separator vesaat returned to the isomerisation reactorf@isther conversion
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2.17 Natural gas plants

Naturalgasrefinedin Europe has bedargely up to this point in tim&om the North Sedasin
Natural gas is also obtained framsmall number of onshore foélds, where it is ceproduced
with crude oil andseparated at local facilities before being tregbedught up to specification
andfinally exported Offshore gas production consists of a number of central platforms with
satellite platformsand is sent via pipeline systems to coastal refining termikiisvever
offshore platforms are not included in the scope of this document

Descriptions
The following processes are generally in plata gas refinery

gas Devpointing

inlet Reception Facilities

glycol RecoveryReuse and storage

gas Heating ad Pressure Reductipn

H,S Removal

gas Metering and Expqrt

condensate Separation and Stabilisgtion
condensate Storagkletering and Export
propane Refrigeration System

=4 =4 =8 =8 =8 - - -8 -9

The extent to which the initial gas refining is completed offshoeEendentn the type of
facility available and the nature of the gas from the weéltssome wellhead facilites the
process involves the removal of all condensate and weltéch are removed to shore via other
routes For the rest of the gas streams the conderfsaction is removed and thenirgected
backinto the systemit is also at this stage that glycol (commonly methylene glycol) is
injected for the purposef antifreeze The gas stream may also have salhébitors added at
this stagdo preventhydrate formation within the pipelines

Gas reception facilitiessually include sphengig receivers and slug catchefde slug catchers
are large volume lowpressure sections of pipelinghich are there to knock down the water and
dust entained withthe gas

Gas Dewppinting is part of thetrue refining section of the processhe gas is cooled usial

using propane heat exchanges (the propane will freeze during this process and is supsequentl
recycled through rdooilers) It is through this procesthat the final gas stream quality is
achievedin combination with a final metering and mixing stage to achieve sales gas.quality

H,S RemovalThe majority of the gas wells in the North Sea are sweet and the number of sour
wells has fallen over the pafew yearsbut most terminals will have the ability to deal with
feedstocks which have small percentages of sourTdesmain principlesised areamine gas
treatment or catalysed bed system

Condensaté&eparation andtabilisation The usual methodito remove the lighter fractions in
the refining process and some of the more volatile elemEotsdensate is then either refined
on site or shipped to a refining sitehich will producekerosene and naphtha for salean
important economic bproduct

Glycol systemThis is a recirculation systemwith the glycolbeingpumped é&fshore injected
into the feed gas streamndthen removed early in the procdsss re-boiled and cleaned up via
filters and prepared to be-mgected into the system

Purpose and principle
The overall objective of natural gas processing is to remove the treatment chemicals and to
remove any contaminants from the wie#lad streamin order to produce a methaneh gas

96 Refining of Mineral Oil and Gas



Chapter 2

which satisfies statutory and contractual specificei@he main contaminants to be removed
fall into the following categories

| solids sands clay, sometimes scale like carbonates and sulphates (including hatural
occurring radioactive metale.g.lead or radium)mercury

liquids: water/bring hydrocabons chemicals added &tewell head

gasesacid gasescarbon dioxidehydrogen sulphidenitrogen mercury and other gases
(e.g.mercaptans)

1
1

Feed and product streams
The feedstock is natural gas and the products that may be separated withitalegaa plants
are methangich gas C,, Cs;, C,4 fractions and condensatess(C

Process description

As shownin Figure2.25, the purification plant consists ohacid gastreatment gweetening
plan) where a gasessuchas CQ, H,S, SO, are separatedNatural gas is considereds o ur 0
when it contains significantly greater amounts of hydrogen sulphide tih@s®e required to
comply with thepipeline qualityspecificationr whenit contains such amounts of 8@ CG,

to make it impractical to use without purificatiomhe HS must be removed (called

0 s we e ttkengas) gefore the gas can be utilisédH,S is presentthe gas is usually
sweetened by absorption of theSHin an amine solutionAmine processe are the most
common process used in the United States and Europe

Acid gas
treatment
Acid gas Dehydration
Gas wells ) Reception 9 mercury ¥ Liquefaction ) LNG
removal
removal
Natural
gas
Condensate | Fractionation
stabilisation | ! :
I Condensate
_— e | LPG
Storage
and Utilities
loading

Figure 2.24: General block diagram of a natual gas plant

Other methodssuch as carbonate processasid bed absorbentand physical absorptig@are
employed in other sweetening plants

Natural gasolingbutane and propane are usually present in theagasgas processing plants
are requird to recover these liquefiable constituents (&eégure2.25). The type of processes
found are very similar téhose described in Section.22. As a summary these processese
physical separations at very low teematures (typically distillation)The following figures
describe two of the main steps of the naturalsggsratiorprocess
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Figure 2.25: Condensate separation in aatural gasplant
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Figure 2.26: Gas dehydration in anatural gasplant
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2.18 Polymerisation
This section covers the polymerisatidimerisation and condensation of olefins

Purpose and principle

Polymerisation is occasionally used to convert propene and butene todtégie gasoline
blending component3 he process is sinat to alkylation in its feed and producksit is often
used as a less expensive alternative to alkylatRyavailing chemical reactions may vary
according to olefin type and concentration but can be describdt igeneral terms shown
below.

2 GHs A | CHy, | (dimerisation)
2 CyHs A | CHis | (dimerisation)
CsHe + CiHg A | CHy | (condensation)
3 GHs A | CoHis | (polymerisation)

Feed and product streams
Propene and butene contained in the LPGasirérom the FCC are the most comnmfeed
streams 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 in small cylinder Adrms
reactions are exothermiand therefore the pcess requires temperature contiidle feed must

be free of sulphur which poisons the catalyst; basic materialsich neutralise the catalyst and
oxygen which affects the reactionshe propene and butene feed is washed first with caustic to
remove mecaptansthen with an amine solution to remove hydrogen sulphide with water

to remove caustics and aminesid finally dried by passing through a silica gel or molecular
sieve dryerA simplified scheme of a polymerisation unit is showirigure2.27.

Depropanizer Debutanizer

7 )

Catalyst chamber

}

) ‘ ) Butane to
\TJ storage
C3Quench
Feed a> C,recycle l
v y.
Polymer
Water , Propane gasoline

to storage to storage

Figure 2.27. Simplified scheme of a polymerisation unit
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When the polymerisatiopield drops the catalysts need to be replacatter nitrogen purging
the polymerisation unit is opened and the catalyst removed by means of@dsghre water
jet. It can also be removed using steam (compression dumging)hosphoric acid goestime
water mediumwhile the natural silica pellets break down to form a sljunfgich is usually

pumpable
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2.19 Primary distillation units

This section includes atmospheric and vacuum distillafitiesetwo primary distillations are
preceded by crude oilkdalting 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 temperatares then generally subjected to distillation
under atmospheric pressure (or slighhigher), separating the various fractions according to
their boiling rangeHeavier fractions from the bottom of the CPwhich do not vaporise in this
column can be futher 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 more valuable lower boiling fractions such as
naphthakerosene anchid-distillates Vacuum distillation is simply the distillation of petroleum
fractions at a very low pressure to increase volatilisation and separation whilst avoiding thermal
cracking The high vacuum unit (HVU) is normally the first processing step igraging
atmospheric residuéollowed by downstream refining unit¥he HVU produces feedstocks for
cracking units coking bitumen and base oil unit¥he 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 distillatianmnnit
addition it is common practice that effpecificationproduct streams are reprocessed in the
CDU. The products from the crude distillation ymanging from the lightest to the heaviest cut
are naphtha and light components (boilird80°C/C;-Cy»- lights, naphtha and gasoline)
kerosene (boiling range 180240°C/Cg-C,), light gas oil(boiling range approximately 240
300°C/Cg-C,5), heavy gas oil (boiling range approximately 300 360°C/Cy - Cys) and
atmospheric residue (boilirg360°C/>C,,). The overhead of this column is the light fraction
noncondesable refinery fuel gas (mainly methane and ethahgpically, this gas also
contains hydrogen sulphide and ammonia gaBes mixture of these gases is knownéas o u r
gaerd ac i dA certairs @nount of it passes through the condenser to a hoanelis then
discharged to the refinery sour fuel system or vented to a process fiasgesr other control
device to destroy hydrogen sulphide

The main feed stream to the HVU is the bottom stream of the crude oil distillatioreigrited

to as amospheric or long residuén addition the bleed stream from the hydrocracker unit (if
applicable) is normally sent to the HVU for further processiig products from the HVU are
light vacuumgas oil heavy vacuungas oil and vacuum residud.ight vacwm gas oil is
normally routed to thegas oil hydrotreater(s) heavy gas oilis normally routed to a fluid
catalytic crackerand/or hydrocracker unifThe vacuum residue can have many destinations
such as visbreakingflexicoking or delayed coking residue hydroprocessing residue
gasification bitumen blowing or it may go to the heavy fuel oil pool

Process description

Atmospheric distillation

Distillation involves the heatingvaporisation fractionation condensationand cooling of
feedstocks The desalted crude oil is heated to about 30€00°C and fed to a vertical
distillation column at atmospheric pressumnere most of the feed is vaporised and separated
into its various fractions by condensing on 30 to 50 fractionation, teagh correspondg to a
different condensation temperatLifée lighter fractions condense and are collected towards the
top of the column

Refining of Mineral Oil and Gas 101



Chapter 2

The overhead hydrocarbon vapours are condensed and accumulated in the overhead reflux drum
of the main fractionatoidn this drum sour waterlight fractions (about & % on crude charge)

and stripping steam (8% on crude) are separated from the hydrocarbon ligthe overhead
hydrocarbon liquidthe naphtha minus streams commonly fed directly to the downstream
naphtha treater

Within each atmospheric distillation towem number of sidstreams of lowboiling point
components are removed from different trays in the toWeese lowboiling point mixtures are

in equilibrium with heavier components which must be remoVld sde-streams are each sent
to a different small stripping towetontaining four to ten trays with steam injection under the
bottom tray The steam strips the liglehd components from the heavier compasiemd both
the steam and lighends are fed back tthe atmospheric distillation tower above the
corresponding sidstream draw tray

Most of these fractions generated in the atmospheric distillation column can be sold as finished
products after a hydrotreatmenir blended with products from downstregmocessesin
Figure2.28, a simplified process flow diagram of a crude distillation unit is shdWany
refineries have more than one atmospheric distillation unit

Non
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TPA column Unstabilised

@ naphtha
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Figure 2.28; Simplified process flow diagramof a crude distillation unit

The operating conditions of the tower are based on the properties of the crude oie and th
desired product yields and qualitfo maximise the yield of distillateshe pressure is
minimised but the temperature is increased to the maximiwery refinery has a crude
distillation unit designed for a selected crude (mi¥)ere are therefore mg different crude
distillation configurations with varying product cuts and heat integration

Vacuum distillation

Figure2.29 shows a simplified process flow diagram of the high vacuum Atmospheric
residueis heated up to 400 S@artially vaporised (30 70 % w/w), and flashed into the base of

the vacuum column at a pressure between 40 and 100 mb4i (0.1 kg/cnf). The vacuum
inside the fractionator is maintained with steam eject@suum pumpsbaronetric condensers

or surface condenserBhe injection of superheated steam at the base of the vacuum fractionator
column further reduces the partial pressure of the hydrocarbons in the favibtating
vaporisation and separation
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The unvaporised padf the feed forms the bottom product and its temperature is controlled at
about 355C to minimise cokingThe flashed vapour rising through the column is contacted
with wash oil (vacuum distillate) to wash out entrained ligeioke and metalsThe washd
vapour is condensed in two or three main spray sectioribe lower sections of the column

the heavy vacuum distillate and optional medium vacgasoilare condensed

In the upper section of the vacuum colyttre light vacuum distillate is condsed Light (non
condensable) components and steam from the top of the column are condensed and accumulated
in an overhead drum for separating the light-nondensableshe heavier condenseghs oil

and the water phase

The most important operationaect of a vacuum unit is the quality of the heavy vacgam

oil, especially when this is fed to a hydrocracker.urtie Concarbon level and/or metal content

is critical for a hydrocracker unit and depends on the operation and performance of the wash oil
section in the vacuum distillation unéts well as the desalter in the crude distillation.unit

Ejector set
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% .
Vacuum @— Sour water
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gasoil
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Flue gas Atmospheric gasoil
T residue
Atmospheric
residue w
E‘?H ) () (1) | Furnace Wash oil vessel
VR Vacuum VR Fuel N~

distillate Vacuum
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Atmospheric Atmospheric
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Figure 2.29; Simplifi ed process flow schemef a high vacuum distillation unit
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2.20 Product treatments

The treatments used in a refinery to achieve certain product specifications are included in this
section in which two types of processes can be identified

1 The first group of pcesses corresponds to extraction or removal techniques where the
component to treat is removed from the stream to be trebbeder this category
mention can be made of molecular sieve extraction for the removal of carbon dioxide
water, hydrogen sulplie or mercaptans (Sectigh23.5.3, amine scrubbing for the
removal of hydrogen sulphide (included in Sec#o23.5.), andcaustic washing for the
removal of acider mercaptans

1 The second group is composedtloésesystems where the chemical to be treated is not
removed from the stream to be treaed.by catalytic dewaxing process

Extraction processes

Purpose and principle

In petroleum refining chemical treatment is used to remove or change the undesirable
properties associated with sulphuaitrogen or oxygen compound contaminartsntainedin
petroleum productsSome ofthesesystemsi(e.6 me r ¢ a p t a hareaesigrebc to ieduced
the mercaptan ceent (organic sulphur compounds) of hydrocarbon streams to improve product
odour and to reduce corrosivitfhesetreatments araccomplished by either extraction or
oxidation (also known as sweeteningepending upon the producthe extraction process
removes the mercaptans by caustic extracti@sulting in a lower sulphur contenfthe
following reaction takes place at low temperatures

R-SH+NaOH <&—= NaSR+H)0O

Mercaptan oxidatiosweetening is another version of the mercaptan oxidation pracedsch
the mercaptans in the hydrocarbon products are converted to less odorous and less corrosive
disulphides which remain in the produ€he reaction is

NaSR+%4 0, +%H0 Z——= NaOH+% RSSR

As a result no reduction in the total sulphur content gafilace during sweetening and
consequentlyit is only applied tahesestreams wherthe sulphur content is not a problem

Feed and product streams

The mercaptan oxidatieextraction process entails the removal of mercaptans from, LPG
naphtha gasolineand kerosene stream®xidation or weeteningis used on gasoline and
distillate fractions It should be stressed thatrnoaptans are also removed by hydrotreatment
(Section2.13.

Process description

Mercgotans are removed from light hydrocarbon streams by a concentrated alkaline wash in an
extraction column under elevated pressure (5 bdfgil,S or acids are preserd caustic
prewash is requiredrhe treated and ododiree hydrocarbon stream leaves tie@ctor as an
overhead stream

The aqueous bottom phase is heated to 50riged with air and fed to the oxidation reactor

The dissolved NaSR is now converted into disulphides (which are insoluble in caustic soda
water solution) at & barg By usingan excess of air and adding catalgshigh rate of reaction

is maintainedIn this way the alkaline solution is regeneratdthe liquid from the reactor is
routed to a vessel where spent #ie disulphide fraction insoluble in the caustic solution and
the caustic solution are separat&tie spent air is routed to an incinerator or process furnace
the disulphides are usually recycled to the crade the regenerated caustic is circulated to the

104 Refining of Mineral Oil and Gas



Chapter 2

extraction column Figure2.30 shows a simplified process flow diagram of an extraction
process

Another oxidation process is alsarercaptan oxidatioprocess that uses a solid catalyst.bed
Air and a minimum amount of alkaline caustit ifi-anl i kopebation) are imcted into the
hydrocarbon stream and the caustic cannot regenémtihe hydrocarbon passes through the
mercaptan oxidationatalyst begsulphur mercaptans are oxidised to disulphide

Purified light HC product

A\ Excess air to furnace
incineration or FCC co-boiler

4_

Mercaptan KJ\ Mercatpans

extraction oxidation column
column

Disulphide recycled
—

to crude
Disulphide
separation vessel

Air injection

Caustic pre-wash |
vessel »
Steam N
Light HC feed H__/
—

Catalyst injection

T — Fresh caustic supply JV

Spent caustic Cooling

Figure 2.30; Simplified process flow diagram of the mercaptan oxidation extraction process

Both processes can be integrated in a caustic cascading system to achieve the desired product
qualityimprovements at minimum caustic malip and spent caustic disposal costs

Figure2.31 shows a simplified process flow diagram of the mercaptan oxidation extraction
process

Catalytic dewaxing

Another processhat can be found in refineries is the selective hydrocrac@tiggrofiner)
where one or two zeolite catalysts are used to selectively crack the wax paraffind (rear
to-n-paraffins) This technique can be used for the dewaxing of-distillate compnents that
may be blended into products for extreme winter conditi@ngariation of thisis the use of
isodewaxingcatalyst that isomerises theparaffin wax to desirable isoparaffin lube molecules
while coproducing lowquality middistillate transpdation fuels The design and operation of
this unit is similar to that of a normal hydrotreater unit (Se@ids).
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Figure 2.31L Simplified process flow diagram of the caustic cascading system (mercaptan
oxidation extraction and sweetening)
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2.21 Storage and handling of refinery materials

Storage and handling of refinery materials are emtered exhaustively in this document
because the storage and handling of oil products are within the scope of the horizontal BREF on
storage[ 5, COM 2006 ] to which referencevill be made as appropriat&his section also
covers activities related to feed and product blendiifging and other small techniques used

for the handling of materialsStorage of specific produg¢tsuch as base ojlditumen and
petroleum cokgis induded in the respective production sections

Purpose and principle

Crude oi| petroleum intermediates and final products are transferred, @nd from refineries
through marine terminals via pipeline or rail/road vehicBstween these movementhe
products are stored in tankStorage tanks or caverns are used throughout the refining process
to store crude ailother raw materials and intermediate process feEmshed petroleum
products are also kept in storage tanks before transport offTsittks are also needed to
accommodate the blockexnlit operation of processing uniéndto link continuous refinery
processes with discontinuous on€onsequentlystorage is an essential part of a refinery
Blending systems are also used in refineriesr¢épare feed streams to individual refinery units
and to produce finished products to be sold

Feed blending may be applied to prepare the optimum feed stream to a refinetiyeualty
ensuring the optimum performance of the refinery .ufdr example a refiner processes a
mixture of four different lowsulphur crudes in an atmospheric distillation ufite feed blend

is selected so that the throughput in the distillation unit and further downstream units are
optimised/maximised with the objective of raximising overall profit Alternatively, he
different quality crudesnay beprocessed separately for a short period (a few dayshii o-c k e d
0 U opérations

Product blending is applied to produce the optimum mix of finished refinery produns
majoiity of the product streams produced in different refinery unissmally identified as an
intermediate product strearman be blended into more than one finished product strieam
example (hydrotreated) kerosene product is normally blended into digiséight heating oil

and even heavy fuel oiWith the remainder blended into jet fuel.dilhe amount of kerosene
allocated to the different products is selected so that product demands and specifications are
met with the objective of maximising ovetgbrofit. Blending products involves mixing the
products in various proportions to meet specifications such as vapour prepsgiic gravity

sulphur contentviscosity, octane numberketane indexnitial boiling point and pour poinand

to adddistinctive smells (LPG)

Process description

The crude oil storage systems can be located either at a separate oil terminal or within the
refinery complex A large part (often more than 50) of the refinery area is occupied by oil
movement facilitiesStorage tanks can be divided into four main tygwessure vesselfixed

roof tanks fixed roof tanks with floating coverand floating roof tanksFigure2.32 showsthe
different types of storage systems found nefinery:.

Refining of Mineral Oil and Gas 107



Chapter 2

Balanceline
Processin
Inert gas Inert gas ; 9
— i e.g.VRU
Vapour
Pressure vessels /J-L\ .
return line
Exter.nal Internal e
floating floating Fixed roof
roof roof
To process
Cavern

Figure 2.32 Examples of somaypes of storage tanks

Pressure vessels are normally used to store-priggsurematerial $91 kPa) most typically
LPG. Fixedroof tanks carold a wide range of materialSor vay low vapour pressure liquids
they canbe open tahe atmosphereThey can also bedesignedto hold volatile liquids with
several classes germited pressure buitdp, from 20 mbarg (low pressure) to 60 mbarg (high
pressure)In these situationaneasures to prevent tlwecurrenceof flammable atmospheres
such as inertingand vapour losse(g. floating roof andvapour recovery are requiredSuch
tanks arenecessaly provided withpressure/vacuum relief valveSixed roof tanks may also be
fitted with internal floating coverdg-loating covers float upon and move with the liquid and act
as a barrier to evaporatiobBxternal floating roof tanks are generally larged are extensively
used for crude oil and product storage

Above-ground storage tanks (ASTs) are used at refineries for holding eithexvitfeedstock
(crude oil) or engoroducts generated by the refinery processes (gasdiase| fuel oils, etc).
Underground storage tanks are used much less frequently (if at all) at refipgnmesily for
storing fuel for orsite boilers and vehiclesr for capturing liquids at lovevel drain points
The storage of crude oil and products in caverns is afdaable in some European countries

Blending can be carried out-lime or in batch blending tank#\n in-line blending system
consists of a manifold where individual streams are blended on flow ¢anttbthe blend ratio

is normally controlled and dimised by a computeiVhen a certain volume of a given quality
product is specifiedthe computer uses linear programming models to optimise the blending
operations to select the blending components to produce the required volume of the specified
productat the lowest cosiTo ensure that the blended streams meet the desired specifications
in-line stream analysers for flash pQiRWVP, boiling point specific gravity research and motor
octane number (RON and MONSulphut viscosity, cloud point and oths are inserted to
provide feedback to the computashich in turn corrects blending ratios where necessary

Batch blending involves mixing the feed streams in a blend, tankn where the relevant
process units are fe@he same applies to intermedigi®duct streamawvhich are first sent to
intermediate storage tankshere they are batch blended into the final product tanks

Additives and odorants

The odorant is stored as a liguitbrmally in fixed tanksThe odorant is not added to the gas
streamn prior to liquefaction but is usually added to the LPG whilst the LPG is being loaded into
the delivery tankersalthough intank odorising is also carried odtllowance may be made for
any residual mercaptans already present in the.H@ pump additio rate is carefully
controlled In the case of liquid propanenethanol may be added with the odorising agent in
order to prevent hydrate icing in propane evaporators
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Odorising plantsaaredesigned to minimise the potential for leakgy. by having theminimum
number of pumps/valves/filters/tank connectioretc, by using welded not flanged
connections wherever possible and by protecting the plant from possible impact datage
such items used need to be designed to a very high standard of siigliergcg. Devices such
as automatic seealing couplings for loading lines are preferred

Pipes valves and auxiliary systemsuch as vacuum recovery units are found throughout a
refinery. Gasesliquids and even solids are transferred from unit ajj@n to unit operation by
pipes Process pipes are normally above ground but some pipes are underground
[ 147, Irish EPA 1992 ]
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2.22 Visbreaking and other thermal conversions

2.22.1 Visbreaking

Purpose and principle

Visbreaking is a welestablished ncuoatalytic thermal process that converts atmospheric or
vacuum residues to gasaphtha distillates and tarlt uses heat and pressure to break large
hydrocarbon molecules into smallkghter molecules

When vacuum residue is directly blendeith the heavy fuel oil poglsignificant quantities of
cutter stock (normally highialuegas oi) need to be blended to the residue to meet the viscosity
specifications of the heavy fuel oBy thermally cracking the vacuum residue at relatively mild
conditions about 10° 15% of the feed is cracked to lighter fractions amsre importantlythe
viscosity of the vacuum residue is reduced significarkityr this reasonthe thermal cracker
unit is normally called thé v i s b gas ailuné.r 6

Feed and product streams

The atmospheric residue from the crude distillation,uh# vacuum residue from the high
vacuum unitandheavy gas oils or vacuugas ois ormixturesare typically the feedscks In

this processonly part of the feedstock is converted and a large amount of residue remains
unconverted As no catalyst is involved in the thermal cracking procéss quality of the
feedstock in terms of metals and sulphus not critical A significant quantity of gas is
produced and all distillate products need further treatment and upgrading prior to running them
to storage

Process description

Thermal cracking is one of the oldest conversion processes to upgrade heavy oil frAttions
presentit is mainly used to upgrade vacuum resideigure2.33 shows a simplified process
flow diagram of the visbreaker uniThe most important factor in controlling the cracking
severity should always be th&kility and viscosity of the visbroken residue fed to the fuel oil
pool. In general an increase in the temperature or residence time results in an increase in
severity Increased severity produces higher-gas-gasoline yield and at the same time a
cracked residue (fuel oil) of lower viscositiExcessive crackindhowever leads to an unstable
fuel oil, resulting in sludge and sediment formation during storélgermal cracking convesa
maximum 20% of the feed Thermal cracking units to upgrade atibsric residue have
conversion legls significantly higher (35 45%) and the viscosity of the atmospheric residue
is reduced

The feedstock is heated above B300and then fed to a reaction chambehich is kept at a
pressure of about.8 barg Following the reactor steghe process stream is mixed with a
cooler recycle streamwhich stops the cracking reactiodthe product is then fed to a flasher
chamberwhere pressure is reduced and lighter products vaporise and are drallredifhter
produds are fed to a fractionating towevhere the various fractions are separatdr bottoms
consist of heavy residugart of which is recycled to cool the process stream leaving the
reaction chamber; the remaining bottoms are usually blended into rdsielual

There are two types of visbreaker operatigng o i | or furnace crackingé and
Coil cracking uses higher furnace outlet temperatures i(4600 °C) and reaction times from

one to three minuteswhile soaker cracking uses lower riace outlet temperatures

(4307 440°C) and longer reaction time¥he product yields and properties are simifun

times of thredo six months are common for furnace visbreakers antbstighteermonths for

soaker visbreakers
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Figure 2.33 Simplified process flow scheme for a visbreaking unit

2.22.2 Thermal gas oil unit

The thermal gas oil unit (TGU) allows the conversion of theuum distillation residue by
using a twestep thermal cracking and subsequent distillative separation intgatheil and
naphtha cuts produceds shown inFigure2.34, after a first thermal crackinghe resuihg
products are separated in a cyclohbe gaseous phase is introduced in the flash zone of the
main distillation column and separated accordinthéaesired boiling intervalsThe heavy gas

oil (HVGO) and the vacuum gas oil from the flash column (LVJG(e treated irma second
thermal cracker and irgroduced into the column

Flue gas Gas

I —
Naphtha
—>

_________ Stripper
% —|_ ........ < Gas oil

Duct burner 1 Duct burner 2

Heat rectvery unit

Natural —p|
gas [ 0 [T
Cyclone I
Vacuum residue
Collection tank HVGO | b_/
¥
LVGO

Separating column

VFCR

Source [ 54, Gallauner et a2009 ]

Figure 2.34: Simplified process of a thermal gas oil unit

The resulting vacuum flashed cracked residue (VFCR) has a high sulphur content and can only
be used as fuel in the refinery power plértquipped with arefficient and appropriately sz
flue-gascleaning system
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2.23 New high conversion techniques

Residue upgrading has great importance among refiners due to a continued decrease in demand
for high sulphur fuel oil (HSFO) and a great dard for higher volumes and quality of middle
distillates In addition the price differential between light/sweet and heavy/sour crudes is
driving operators to process larger volumes of heavy crudes

Refiners aneengineering firms aim to minimesfuel ol production at minimum investment and
operating cost The technology options available for residue upgrading depend on the difficulty
of the feed to be processeathether it is atmospheric (AR) or vacuum residue (MR¢ metal
contents and the level obnversion desired

There has not den any technology breakthrougbnly marginal improvements on proven
technologiesFinal results will depend on how the integration within units is done

The following table sumarisethose processes that have expmrded recent improvements
regarding residue conversion amdyalorisation

Table 2.12: Conversion techniques grouped by feed and chemical engineering approach
Feed Carbon rejection H, addition Partial oxidation
Vacuum GO FCC H, Cracking
Vacuum Residue SDA 9 H-Oil HCK Gasification
RECC HDHplus
Source EIPPCB review
Table 2.13: Examples of recenimprovements made by several aoversion techniques
BREF Technique Tech.nic_:al Advantage Drawbacks
Sectior names descrlptlon

Separates residue fro

3 Solvent Deasphalting Separates by molecular weig deasphalted oil

High posttreatment

Better catalysts enable

5 FCC upgrade heavier/widelfeedstocks
Residue FCDeep CC Flu|d|se?eggzceisafgo-stage Costeffective

Uses much water;ander to
sell coke at fair price ang
high apital cost

Low-pressure low recyclindow|High flexibility andhigh

! Delayed Coker coke conversion to lighter

10 IGCC/Gasification Valorisation of waste t

syngas

10 Clrcula_tlng Fluid Bed Coke valor_sat_lon at low Possible cogeneration Solid handling

Boiler (CFB) emission
13 Atmospheriaesidue Optimised catalyst combinatio High investment an®ps

DS cost
13 Vacuumresidue DS Higher pphb High |nvesct(r)1:nt and Op
13 Slurry HC Disperse phase catalyst an Sele_c_tlve conversian
elevated temp minimum residue

. Reduces metalsulphur

13 Residue Hbullated Fixed bed+HT catalysts CCR, produces high

bed HC distillates

Rapid heat in furnacand
22 Visbreaking cracked for a specific residen
time in a soaking zone
Thermal GO/éep |Lower temp, special internal fo  Selective cracking
thermal conversion backmixing lower investment cos

Reducs viscosity, High posttreatmentlow
lower cagtal cost conversion to light

22
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2.24 Techniques for the elimination and the valorisation of
external waste used as a secondary raw material

There is an increasing role played by the refineries in recyclingevedisnot only managing
their own residues but also valorising external waste

Somewastes ar@artly useal as feedstock in the EU refinerjess follows
bl Rerefining of waste oil

Used oil from different applicatians first collected and then paof it is sen back to
refineries In 2006 in the EU this recyclingeffort represemtd only 0.1 % of the crude oil
feedstockhoweverthis initiative is growing

The largst group ofend users that are recycling areautorepairshops large industial
consumers of lubricant®.@.ironworks mines power plants and electricity distribution
networks) and large transportation fleefBable2.14 showsthe order of magnituddy
quantities by country

| Recyclingof waste rubbeof asphalt grades

There is a large volume of spent tyregtie EU. In some processgelyres are converted
into powder andhen mixed with asphalt grades

| Waste oil hydrogenated in refineries

For a more indepthdescription see Chamgr 6 (hydrojsomerigtion There are some
examples ofthe recycling of animal and vegetable oil (waste) using retrofitted
desulphurisation urst e.g. Cepsa (Spain) started in 2011 and plan aQOED ni/year
production Oil is hydrogenated and then mixeddiesel gasoline grades
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Table 2.14: Re-refining waste oil in Europe
Distillation of waste oil (tonnes)
Collected . Burning
Mg{;& er waste oil in 2006 | Refining (il;)rlglggg (replacing Other/
(tonnes) (base oil) heavy unknown
coal) g
fuel oil)()

Austria 39596 12396 24700 2500
Belgium 60000 15000 500 25000 19500
Bulgaria 17000 1200 15800
Cyprus 4300 4300
Czech Republic 32867 986 4800 27081
Denmark 20000 15500 2000 2500
Estonia 5400 11250 2700
Finland 22500 39130 11250
France 224759 99403 70000 61439 24787
Germany 525000 135000 295000 25000
Greece 36000 36000
Hungary 27823 6000 7823 14000
Ireland 20000 20000
Italy 216300 172600 34600 9100
Latvia 11000 5500 5500
Lithuania 14000 7000 7000
Luxembourg 5364 5364 0
Malta 1200 1200
Netherlands 50000 18000 32000
Poland 76500 63500 3000 10000
Portugal 28700 6800 3550 13550 4800
Romania 27663 9500 16147 2016
Slovenia 3967 3499 468
Slovakia 15000 6000 9000
Spain 216045 140084 74362 1599
Sweden 45000 8000 37000
United Kingdom 350000 270000 80000
Total 2095984 728633 232630 916451 218270
Percentagéo) 100% 35% 11% 44% 10%
() Includingdirect burning and simple treatment
Source GEIR 2008 quoted by Okdp6l2008
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2.25 Techniques for the abatement of emissions

There are many neproduction techniques in use a refinery Particularly relevantfor this
document are those techniques used to control and abate emissions tavater and soail
Descriptions of many ofhesetechniques can be found in t@VW BREF[ 6, COM 2003
|REFERENCE _BOOKMARK 8787 These techniques are not described in this chapter
because they are typically techniques that might be comsidieithe determination of BAT and
consequently are extensively described antlyaed in Chapted (seeSectionst.23and4.24).

Even if some preventive techniques primary measures can also be implemenpetutants
such as N@, particulatesH,S, SO,, other sulphur compounds and V§@mong othersare
typically abated by endf-pipe techniquesOne of the largest systems within a refinery is the
abatement of b6 producedn site These systems typically contain an amine scrubbing system
and a sulphurrecovery unit to convert 1$ into sulphur a byproduct produced within
refineries

Flares are another technique used within the refinery for safety and ersmahmeasons
Techniques for the abatement of odour and noise are also relevant for refiSpeesic
information on flare systems can be foundnie CWW BREH 6, COM 2003 ]

Most refineries treat waste water site using enaf-pipe waste water treatment facilities prior
to dischargeHowever several refineries utilise offite waste water treatment servicBsth
onsite and offsite waste water treatment facilities wed the amounts of pollutantisat are
discharged into the receiving environment

Refineries also generate solid wastsme of them are recycled within the refinexthers €.g.
catalysts) are recycled by specialist companies and others are dispoSed contamination
prevention techniques are also relevant to the whole refinery
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3 CURRENT EMISSION AND CONSUMPTION LEVELS

This chapter provides data and information about current emission and consumption levels in
existing installations at the timaf writing (20097 2013. Because it covers many types and
sizes of refineriesthe data are very widenging The goal of the chapter is to bring together

the emission and consumption levels of the refinery as a whole and for each specific. process
Thedatacited will, in most casesnable an estimate of the concentration and load of emissions

in turn enabling a competent authority issuing a permit to verify the information provided in the
permit application

Section3.1gives an overview of the main emissions and consumption of European refineries as
a whole It is not a simple aggregation of the emissions and consumption in the other sections
most of them cannot be aggregated because obtlyggintegation of processes in refineries

Sections3.2 to 3.2Zover the emissions and consumption from the various processes/activities
covered by this documenSections3.23 to 3.25 cover the emissions generated by the
techniques used to abate emissjoneluding the emissions from sulphur recovery uniise
chapter ends with a & on monitoring which covers the monitoring systems typically
applied in refineries and provides some discussion on their application
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3.1 Current emission and consumption levels in refineries as
awhole

Refineries are industrial sites that manage hargeunts offaw materials and products aare
also intensive consumers of energy and wafeom storage and the refining process they
generate emissions to the atmosplzerdto water andhey mayalsopotentially pollutethe soil

This chapter addressthesethree mediaand the pollutants that affect theamd is a summary
of the emissions from all refinery processBise main environmental problems were mentioned
in Chapter 1 (Sectioh.4), but without fgures This section aims to quantify refinery emissions

Although the principal raw material input to petroleum refineries is crugestiteries use and
generate a large number of chemicalsme of which leave the facilities as discharges of air
emissions waste water or solid wastBollutants generated typically include ammonia {\NH
carbon dioxideCQ,), carbon monoxide (CQhydrogen sulphideH,S), metals nitrogen oxides
(NOy), particulates spent acids €.9. HF, H,SOy), sulphur oxides (S§, volatile organic
compounds (VOC) and numerootherorganic compounds

Figure3.1 shows asimplified example of what is consumed and emitted by a refifidrig

figure only focugson the main typical pollutantamong more than 90 specific compounds that
have already been identified as likely to be generated by refining processes and activities
[ 161, USAEPA 1995 ] The great majorityr@ pollutants to airn this figure low values in the
ranges normally correspond to refineries with abatement techniques and goaxhreauial
performance and pracds whereas high values typically correspond to refineries without
abatement techniques

Table3.1 shows the environmental accosiof refinery processesind provides a summary of
the impact on the different media from the different activities found within refineries
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Table 3.1: Environmental accounts of refinery processes
Process/Functional unit Environmental item
Air Waste Waste Substances | Waste Noise | Safety
water and energy heat
Fundamental processes
Delivery ' ' ' ' ' 0 X
Loading X ' ' ' ' X X
Storage X 0 X 0 0 ' X
Process furnaces X ' 0 X X X X
Separation processes
C_ru_de pll atm_ospherlc X X X X X
distillation unit
Vacuum distillation unit X X 0 X X 0 X
Gas separation unit X 0 0 0 0 0 X
Conversionprocesses
Thermal crackingvisbreaking X X 0 X X 0 X
Delayed coking X X X X X X X
Catalytic cracking X X X X X 0 X
Hydrocracking X X X X X 0 X
Bitumen blowing X X X X X 0 X
Reforming X X X X X 0 X
Isomerisation X X X X X 0 X
MTBE production X X X X 0 0 X
Alkylation X 0 X X 0 0 X
Refining processes
Hydrodesulphurisation X X X X X 0 X
Sweetening X X X X 0 0 X
Gas washing X 0 X X 0 0 X
Lubricating oil production X X X X 0 0 X
Extractions
- with solvents X 0 0 X 0 X
- with molecular sieves X ' X X 0 X
Other processes
Sulphur plant X X 0 0 0 0 X
Flare X X 0 0 0 X X
Cooling tower X X 0 0 0 0 0
Waste water treatment X X X X 0 ' 0
Blending units X X 0 0 0 X
Off-gas clearup _ X X X 0 0 0 X
(Exhaust gas recovery unit)
NB: X: highimpact 0: smallimpact " :very small or nampact
Source [ 222, UBA 2000

3.1.1 Present consumption levels in refineries
3111 Energy

Generalinformation
Pdroleum refining is one of the most enefigiensiveindusties In a country like the US
refining activities account for 2% of the energy consumed by industry

Energy is required by the combustion systems and procetss Tmé largest energy use a$

internal or external fuels ia combustion plantwhich canbe up to 200 MW thermal input in

size Some refineries use Combined Heat and Power (CHP) units to raise some of their steam
and electricity Such units may be operated by third parties andréxgoone of their energy

Also, they may use commercial rather than internal refinery fuetecesses such as catalytic
cracking can provide energy from the bwfih of coke usually supplemented by internal fuel

for efficient heat recoverySulphur removiafrom products is energytensive as it requires
hydrogen production
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CO, 0.17 0.4 million t
BTX 17 70
co 20 400
NO, 607 500 t
PM 4i 75
SO, 307 1500
- voC 507 1000
For 1 million tonne
of crude treated: Benzene  5i 8000
Lead 17 1000 K
Nickel 31 1300 9
Vanadium 17 1000

Energy 157 4 million GJ
Potable Water 0.07 0.7 million m3
Total water 0.17 15 million m3
Chemicals 300 t

Products

Process waste water 0.1 i 1.5 million m3
Cooling water 0.0 7 15 million m3
COD 10 71

i 80
BOD 1171 25
Suspended solids 171 30 t
Total hydrocarbons 0.1 1 3

i 20

Total Nitrogen 17 O O
Heavy metals 20 1 200 -

Phenols 1 i 300 kg Waste =10 - 2000 tonnes
BTEX 1 7 200

PAH-16 017 5

Source TWG data collection questionnaire2008

Figure 3.1: Example of specific emissions and consumption in European refineries

The atual specific consumptiolevels of a sample oEuropean refineriem recent years are
shown h Table3.2, rangingfrom 15 GJ/t t0 4.0 GJ/t of crudewith an average of.25 GJ/t
Around3171 9 % of the crude feedstock received is burnt in the refirgsyshownn Figure3.3,
the sités overall CQ emissions are rather narrowly corretato specific consumption

Growing impact of desulphurisation processes

Processes that have the greatest throughput dominate energy consurmatiospheric
distillation and to a lesser extentacuum distillation units represent togethen 38 % of the

total process energy consumed in a refinéfgwever it can be noted fronfrigure3.2 that
energy consumption is also clearly related to the sulphur input recovered from the overall
refinery feedstockinked o the fact thaton averageanother 20 25 % of this energy is spent

in hydrotreating

Figure3.2 gives the distribution of energy consumption for each main process typically
operated in US refinerigsalculded as an average from the 146 refineries that were operated in
2001[ 68, Worrell et al2005 ] In this graphicall data are expressed in primary energy (see the
graphic footnas)
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(2): Electricity is converted to fuel assuming an efficiency of%Zor the production of electricity an
transmission/distribution losses

(2): All steam is geerated in boilers with an assumed efficiency o7

Figure 3.2: Estimated primary energy consumption distributed by refining processn the US

Impact of site complexity

It is interesting to noticeniFigure3.3 that despite quite a large dispersion of valubere is

also a clear general trend for most complex sites to be associated with highest specific energy
consumptiorievelks.

Use of natural gas

A growing part of necessary energy comes from the supply of externgldapéially natural

gas which is used in 31 out of these 48 refinerieb®@of the sample)Natural gas represents

on average 1%, and up to 824, of the overall consumption of the esit concernedAs shown

in Figure3.4, there is no obvious correlation between the part of total gaseous fuels (RFG +
eventual external supply of natural gas) and the specific energy consuniptomver
refinerieswhere natural gas is the most intensively used are usually operating recent CHP plants
for their steam deliveryit is then not surprising that the largest natural gas dissely
correlats with the best specific energy consumptievels.
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Table 3.2; Specific energy consumption and other relevant data for a selection of EU
refineries
2 5 g 23 s | o _ 0 _
28| & o= £5 25 | 52 | E32 |2g2e| Es
e | 3 | 8F | g2 | 85 | & | 25° | 3% 2%
& zZ 8 Z o (% o %) (%))
N kt 10°GJ GJit tt % % %
1 6.2 9096 42.04 46 0.31 7%0 520 0 NA
2 11.2 606 NA NA 0.28 1% 6% 3.8%
3 5.7 3483 5.85 1.7 0.13 0% 92% 53%
4 3.1 4900 8.37 17 0.10 0% 100% 0.8%
5 6.8 2772 5.75 2.1 0.15 0% 100% 2.0%
6 135 12400 4326 35 0.24 82% 89% 22%
7 6.4 3268 7.05 2.2 0.15 0% 96 % 5.9%
8 953 3.25 3.4 0.27 35% 35% 5.9%
9 6.6 5727 1211 2.1 0.14 3% 86% 4.9%
10 6.8 8852 2213 25 0.16 8% 67% 75%
11 6.2 9350 2041 2.2 0.16 10% 68% 49%
12 9.0 6412 20.77 32 0.22 0% 61% 134%
13 6.0 5303 16.45 31 0.25 3% 74% 112%
14 9.3 16552 60.95 37 0.24 41% 85% 52%
15 6.9 4858 12.09 25 0.15 0% 73% 10.8%
16 8.7 7153 2101 2.9 0.17 9% 78% 6.2%
17 4.0 728 1.94 2.7 0.23 0% 63% 10.2%
18 129 8272 19.05 2.3 0.17 28% 100% 0.8%
19 5.1 3359 NA NA 0.11 NA NA NA
20 129 9243 28.92 31 0.22 13% 71% 49%
21 131 5627 43.05 7.7 0.69 1% 29% 35%
22 7.2 8635 25.71 3.0 0.25 4% 89% 3.0%
23 8.4 NA NA NA NA 0% 92% NA
24 49 8653 5.84 0.7 0.10 0% 54% 27%
25 9.7 3613 7.84 2.2 0.14 34% 97 % 05%
26 10.8 10193 28.10 2.8 0.23 2% 84% 11%
27 10.8 19151 68.50 36 0.29 29% 78% 25%
28 9.4 14251 50.25 35 0.26 41% 54% 2.6%
29 9.4 3817 13.80 36 0.27 0% 41% 139%
30 6.3 10490 24.07 2.3 0.20 2% 50% 4.4%
31 6.7 12087 314 2.6 0.17 0% 64% 37%
32 114 5886 14.23 2.4 0.20 29% 74% 45%
33 46 4610 9.43 2.0 0.14 0% 46% 3.0%
34 8.6 10462 2881 2.8 0.23 7% 58% 3.8%
35 5.7 3624 9.74 2.7 0.18 27% 51% 7.0%
36 10.1 5622 17.63 31 0.24 0% 46% 4.1%
37 95 7293 22.02 3.0 0.22 17% 67 % 33%
38 7.3 8183 2044 25 0.17 4% 59% 7.4%
39 8.2 10098 2298 2.3 0.18 0% 99% 02%
40 6.2 5668 9.45 1.7 0.10 7% 89% 0.6%
41 6.5 3942 9.10 2.3 0.13 0% 100% 0.3%
42 12.0 10916 28.64 2.6 0.17 3% 100% 6.2%
43 8.7 15474 46,57 3.0 0.20 22% 70% 7.9%
44 1.6 4410 NA NA 0.59 0% 1% 52%
45 8.4 10050 37.80 38 0.27 0% 59% 189%
46 6.2 9712 24.42 2.5 0.18 20% 82% 8.6%
47 116 11871 25.19 NA 0.20 0% 76% 116%
48 8.4 6900 10.85 1.6 0.53 0% 44% 1.7%
49 5.7 15000 3200 21 0.14 25% 100% 32%
50 105 4620 13.83 3.0 0.20 0% 95% 45%
51 8.4 4400 14.40 33 0.22 6 % 95% 8.4%
52 10.9 4990 9.77 2.0 0.26 3% 89% 4.7%
53 3.8 NA 6.20 NA NA 0% 91% NA
54 5.4 10794 NA NA 0.15 NA NA NA
55 5.1 940 NA NA NA 0% 25% 0.7%
56 12.4 6276 11.81 1.9 0.18 3% 48% 3.0%
Number of | 5¢ 55 54 50 48 53 53 53 51
values
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kt 1P GJ GJit t/t % % %
Minimum 606 2 0.67 0.10 0.0% 0.9% 0.2%
Maximum 19151 69 7.65 0.69 82.3% 100% 18.9%
Average 7436 22 2.75 0.22 9.8% 70.5% 5.1%
Sum 401544 1075
5th Percentile 1.67 0.106 0.0% 27.4% 0.6 %
95th Percentile 3.73 0.395 37.1% 100% 12.5%
NA: these data have not been made available to the TWG.
Source TWG data collection for 2008 except2009
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Figure 3.3 Specific energy consumption compared to COemissions and site complexity for a
sample of EU refineries
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Figure 3.4 Use of gaseous fuels and emitted part of sulphur input for a sample of EU
refineries sorted by ascending order of specific energy consumption
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3.1.1.2 Water
Water and steam are mainly used

1 in the various refinery poessesto assistthe distillation process or the cracking of
hydrocarbonsin overhead systems&nd for washing scrubbing quenching or (steam)
stripping The desalter is the biggest ysand the main producer of waste water in oil
refineries (with theexception obase oil refineries);

for tank and flare seal drains;

for cleaning operations;
for steam generation as a feedstock for boilers and CHPs;

=A =4 =4 =

for coolingsystems

From a qualitative point of vievthe first three categories of use generatenthn part of the
organic load which must be abated in the WW$iAce the watewill have beenin direct
contact with hydrocarbons and is usuabntaminatedThis type of water is typically refred
to as process wate®n the other handrom a quantitive point of viewthe amount of water
useddepends primarily on the type of refinery amedpecially on the cooling systemssed
closed, openrecirculating or oncethroughsystens.

Actual specificusage of waterof a sample oEuropean refinerieare displayed imable3.3.
Most of it (90% of the data- from the 5th to 95th percentiles) ranged betwe@mf/t and
25m’/t of feedstock refinedThe largest part (more than %$®on average) is still used for
cooling As well, asshownin Figure3.5, the highest specifiasages (above 1 mft) at the site
level are always determined by the highest codlisgge They relate to sites where the greatest
proportion ofoncethroughcooling circuits are still used

Potable water from public supply represems average3 % of the overallusageof these
refineries but its use varies greatl$fome sites do not use any potable wat#ile other sites
fully rely upon it induding for purposes other thaanitary use

‘ ¢ Total water = Cooling water Industrial process Boiler feed ‘
1000 l
100
¢
[
10
[ ]
= olelt st
(9] R Ak Ak
1
E ‘4,‘,4,‘.04»4»4»4»4»4»4»4»004>":"’m. 5 r:'-
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Figure 3.5: Specific waterusagedata for a selection of European efineries
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Table 3.3: Water consumption data for a set ofEuropean refineries
c
Site label % é v-l\—/gilr Specific water Water for industrial Water for boilers feed Water for cooling systems Proportion of use of
2 S| consumed| Cconsumption processes fresh water

Mm3iyr mt myr % mt myr % | mt mlyr % mt mlyr % mt
1 6.2 13.50 1.48 NA NA NA NA
2 11.2 0.74 1.22 31000 42% | 0.05 360000 49% | 0.59 235000 32% 0.39 41750 5.6% 0.07
3 5.7 0.50 0.14 15000 3.0% | 0.004| 412000 | 83% | 0.12 55000 11% 0.02 495500 100% 0.14
4 3.1 4.42 0.90 117000 26% | 0.02 500000 11% | 0.10 3780000 86 % 0.77 25000 0.6 % 0.01
5 6.8 0.74 0.27 204000 | 27.5% | 0.07 432000 | 58% | 0.16 54000 7% 0.02 743000 100% 0.27
7 6.4 13.65 4.18 1802816 | 13.2% | 0.55 NA 11808517 86 % 3.61 41200 0.3% 0.01
8 NA 35.81 37.56 79504 0.2% | 0.08 383091 1% | 0.40 34845753 97 % 36.55 463677 1.3% 0.49
9 6.6 5.79 1.01 873560 | 151% | 0.15 | 1581120 | 27% | 0.28 3162240 55% 0.55 0 0.0% 0.00
10 6.8 9.20 1.04 477856 52% | 0.05 | 2030890 | 22% | 0.23 6649878 72% 0.75 40308 0.4% 0.00
11 6.2 3.77 0.40 NA NA NA 3766686 100% 0.40
12 9.0 3.46 0.54 NA NA NA 70208 2.0% 0.01
13 6.0 6.58 1.24 5384185 | 81.8% | 1.02 NA NA 50904 0.8% 0.01
14 9.3 42.47 2.57 4351435 | 102% | 0.26 | 4457867 | 10% | 0.27 33576647 79% 2.03 81020 0.2% 0.00
15 6.9 2.16 0.44 NA NA NA 274169 127 % 0.06
16 8.7 4.66 0.65 NA NA NA 55787 12% 0.01
17 4.0 0.23 0.31 NA NA NA 226180 100% 0.31
18 129 11.90 1.44 5306385 | 446% | 0.64 | 3297800 | 28% | 0.40 3038516 26% 0.37 255746 2.1% 0.03
20 129 11.02 1.19 574218 52% | 0.06 | 3232352 | 29% | 0.35 6552703 59% 0.71 0 0.0% 0.00
21 13.1 84209 14965 497281 0.1% | 0.09 | 9447040 1% 1.68 831672535 99 % 147.80 474469 0.1% 0.08
22 7.2 8.62 1.00 NA NA NA 0 0.0% 0.00
23 8.4 17.97 NA NA NA NA 12881 0.1% NA
24 4.9 26618 30.76 NA NA NA 435714 0.2% 0.05
25 9.7 1.40 0.39 547000 | 39.0% | 0.15 NA 653000 47 % 0.18 547000 39.0% 0.15
26 10.8 7.19 0.71 623664 87% | 0.06 | 3162240 | 44% | 0.31 3408192 47% 0.33 7194096 100% 0.71
27 108 38834 20.30 11028626 | 2.8% | 0.58 NA 377541509 97 % 1971 11294307 | 2.9% 0.59
28 9.4 7.38 0.52 NA 3510671 | 48% | 0.25 3722846 50% 0.26 0 0.0% 0.00
29 9.4 2.89 0.76 NA NA NA 67035 2.3% 0.02
30 6.3 554 0.53 1358440 | 245% | 0.13 | 1824770 | 33% | 0.17 2274000 41% 0.22 82580 15% 0.01
31 6.7 8.35 0.69 2595498 | 31.1% | 0.21 | 3604606 | 43% | 0.30 2144738 26% 0.18 281000 3.4% 0.02
32 114 3.51 0.60 799098 | 228% | 0.14 | 1158205 | 33% | 0.20 1509710 43% 0.26 0 0.0% 0.00
33 4.6 2.56 0.55 NA NA NA 1465000 | 57.3% 0.32
34 8.6 6.90 0.66 NA 441049 6% | 0.04 NA 6902700 100% 0.66
35 57 2.15 0.59 NA 451435 21% | 0.12 600219 28% 0.17 551648 25.6 % 0.15
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c
Site label % é v-l\—/gilr Specific W{:\ter Water for industrial Water for boilers feed Water for cooling systems Proportion of use of
2 S| consumed consumption processes fresh water
Mm3yr m/t m3lyr % m/t m3lyr % | mit m3lyr % m3/t m3lyr % m3/t
37 9.5 7.14 0.98 1952263 | 27.3% | 0.27 | 1760370 | 25% | 0.24 3415251 48 % 0.47 4799449 | 67.2% | 0.66
38 7.3 3.46 0.42 17000 0.5% | 0.002 NA NA 142000 4.1% 0.02
39 8.2 1.75 0.17 NA NA NA 0 0.0% 0.00
40 6.2 0.72 0.13 NA NA NA 721000 100% 0.13
41 6.5 1241 3.15 NA NA NA 1171395 9.4% 0.30
42 12.0 5.41 0.50 NA NA NA 125681 2.3% 0.01
43 8.7 14839 9.59 NA 8201500 6% | 0.53 NA 450000 0.3% 0.03
44 1.6 0.85 0.19 NA NA NA 14100 1.6% 0.00
45 8.4 24.87 2.47 530000 | 2.1% | 0.05 | 4016000 | 16% | 0.40 20260000 81% 2.02 35000 0.1% 0.00
46 6.2 2.69 0.28 252957 | 9.4% | 0.03 | 2200270 | 82% | 0.23 175800 7% 0.02 59697 2.2% 0.01
47 116 5.52 0.46 431427 78% | 0.04 | 4076298 | 74% | 0.34 748275 14% 0.06 262800 4.8% 0.02
48 8.4 14.85 2.15 3861846 | 26.0% | 0.56 | 4214512 | 28% | 0.61 6140076 41% 0.89 8713325 | 587% | 1.26
49 57 3.70 0.25 1795317 | 485% | 0.12 | 1909028 | 52% | 0.13 NA 3704345 100% 0.25
50 105 3.10 0.67 859919 | 27.7% | 0.19 984095 | 32% | 0.21 934425 30% 0.20 0 0.0% 0.00
51 8.4 4.50 1.02 1402658 | 31.2% | 0.32 | 1837388 | 41% | 0.42 1074965 24% 0.24 2337675 | 52.0% 0.53
52 109 1.48 0.30 NA NA NA 34124 2.3% 0.01
53 3.8 0.96 NA 557000 | 582% | NA 400000 | 42% | NA NA 450000 | 47.0% NA
56 124 2.70 0.43 680236 | 252% | 0.11 768017 28% | 0.12 928026 34% 0.15 0 0.0% 0.00
57 8.2 68.84 1191 3109536 | 45% | 0.54 | 2073024 | 3% | 0.36 63572370 92% 11.00 84802 0.1% 0.01
58 10.2 12.15 1.06 NA 3613982 | 30% | 0.32 8284316 68 % 0.72 248923 2.0% 0.02
Number of values| 57 53 51 31 31 30 31 31 30 30 30 30 52 52 50
Minimum : 0.23 0.13 15000 0.06 % | 0.002| 360000 1% 0.04 54000 7% 0.02 0 0.0% 0.00
Maximum: 842 14965 11028626 | 81.89% | 1.02 | 9447040 | 83% | 1.68 831672535 99% 147.80 11294307 | 100% 1.26
Average 39 5.89 1681185 | 19.7% | 0.22 | 2462633 | 32% | 0.33 47760617 51% 7.69 1140267 | 233% | 0.16
5th percentile 0.73 0.18 24000 0.36% | 0.013| 391546 2% |0.110 109360 9% 0.019 0 0.0% 0.000
95th percentile 196 25.53 5345285 | 53.3% | 0.612 | 6329684 | 78% | 0.603 236255396 97 % 28.97 7033828 | 100% | 0.659

NA: these datéhave not been made available to the TWG.
Source [TWG data collection questionnaires
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Figure3.6 shows in more detaiand with a linear scale instead of the logarithmic one used in
Figure3.5, a breakdown of thenain waterusage for the subsample of European refineries for
which this information was fully availahl®/hat appearss the rather constamtater useelated

to the boiler feedh all of these sitesegardles of theirincreasing total siteasage Furthermore

this figureclearly displays thebeneficialeffect ofthe closedloop cooling systemon the sités
overall specifiausage

10

O Process water B Boilers feed water O cooling water @ Sanitary water B Other water =

Specific consumption (m*/t)
N
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Figure 3.6: Specific water consumption breakdown for a sample of European refineries

3.1.2 Emissions to air

The main air emissions from a refinery are ,C80, NOyx, VOC and particulates (dystoot
and assoctad heavy metals (mainly V and Niplowevet noise odour, H,S, NH;, CO, CS,,
benzene toluene dioxing HF and HCI also contribute to the air emissiombey emerge
typically from sources such as stacks of process furnaces and ,bageserators (FCC)
individual items such as valves and pump sealsl to a lesser extent from flares and
incinerator stacksSome document&stablish emissions factors for the calculation of air
emissions from refinerieg 181, USAEPA 1996 J[ 172 MRI 1997 ] The EPRTR regulation

[ 74, EEA 2010 Yequires refineries to make inventoriesd report annual emissions alarge
number ofsubstancesince 2007

3.1.2.1 Carbon dioxide emissions

Almost all of the carbon present in crude oihce produced from the oil welill be converted
into CQ,.. A small portion (<3 10%) of the CQ will be converted in the refinery during the
processing of crude oil into marketable produd@ise remainder will be converted into €O
once the refined oil products are sold and subsequently consumed by the vectous af
industry and private consumers

In 2007, oil refineries in the ELR27 (Romania and Bulgaria excluded) emitted around 135 Mt of
CO,. In 199Q this figure was 115 Mt of CQ. The 15% increase of C@emissions between
1990 and 2007 is mainly linkgd theincreasingaverage siteomplexity, the diversification of

refining processes and the significant increase of hydrotreatment capacities for deeper product

desulphurisation and conversion
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The share of C@emissions from oil refining in the totgreenhouse gas emissions wias
2007, around 36 at the EU-15 level At the individual Member State leyet ranged from
around 05 % (for Ireland) to 5% (for the Netherlands)

Actual specific emissions & sample oEuropean refineries faiecent yars are displayedi
Table3.2 in Section3.1.1.1 The largest part90 % of them from the 5th to 95th percentijles
range within QL1 i 0.39 t/t of feedstock processedith an aerage of 2 t/t. As shown n
Figure3.3, thehighest values are often associated with the most complex sites

At the individual site levelCO, emissions by themselves ranged frori68 to 5547 million
tonnes per yeaHowever the lowest and highest emissionsginatefrom two refinerieswith
nearly the same GGpecific emissions (8871 0.29 t/t), which isclose to the European average

The main emission sources for €@re the process furnacasd boilers gas turbinesFCC
regeneratordlare systems and incinerators

3.1.2.2 Nitrogen oxides emissions

The term NQ, by convention only refers to NO rfitrogen monoxide)and NQ (nitrogen
dioxide). N,O can be also found in flegases from FCCs and sor8€R In most combustion
processes NO contributes to over%®®f the total NQ. However as it is rapidly oxidised to
NO,in the atmospheremissions of NO are expressed as,NO

Contributing processes and units

Based on the information gathered by &G, Figure3.7 and Figure3.8 display sitelevel
data on the NQspecific emissions and the main N€ontributing units and processes within a
sample of Europearefineries. The main emission sources WDy are combustion processes
i.e. process furnaces and boilelBHP and gas turbing$CC regeneratorsand to a lesser
extent eventual waste gas incinerators and the flare systemever the respectiveveights of
theseunits in the overall site emissions are highly variagseshowrin the samdigures

In the case of refineries without a FCC uttie major NQ contribution obviously comes from
furnaces and boilersvhich account most often for about 6®0 % of emissions as shown in
Figure3.7. Gas turbines and CH®hen they are operated on such plaate respnsible for a
significant part (30 50%) of NOx emissions and are associated with the highest specific
emissims at the site levelSRU and flare systems usually account for less thanl6% of
emissions

In the case of a refinery configuration including a FCC,Uanithaces and boilers remain the
major NG, contributors and generate 50 % of site emissionswhile the FCC by itself may
only represent 15 25% of them As displayed irFigure3.8, most of the remainder is emitted
by CHP and gas turbines whij@s stated aboyare clearly related to highest specifinissions
reported

When operating a cokeroking emissions can also represent a very significant contribution (up
to 40%) which appeahere inthed Ot Itategady
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O Furnace + boilers O CHP + gas turbine O SRU O Flares O Other
Specific NOx emissions
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Figure 3.7: Respective weighdé of the main NOyx-contributing processes for 12 European
refineries not operating a FCC unit as a function of their specific emissions (gdf
feed
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Figure 3.8: Respective weighd of the main NOy-contributing processes for 24 European
refineries operating a FCC unitas a function of their specific emissions (gtif feed

Influence of theoverall site configuration on NOy emissions

The range of N@Q emissions reported for the site sample displayeBigure3.9 within the
period 20071 2008 is approximately 1006 000 tonnes per yeafrhe specific emission range
of NOy varies from 680 575 tonnes of N per million tonnes of crude oil processedth
most of these refineries (86 of datai from the 10th to 90th percentilesinitting within the
range of 100 450 dt. The average specific emissioashievedwithin the particular subgroup
of refineries without a FCC is 258 g/t processEdis average only increasasup to 269/t
processed (+%o) for the subgroup operatingRCC. Therefore FCC configurations should not
be consideretb noticeably increasNOy emissions at the site level

Figure3.9 displays the distributio of the Nelsonddex and the specific energy consumption for
these two subgroups of European refinergah of them ordered by ascending specifigcNO
emission No obvious correlation can lseenas far as the Nelsomdex is concernednd the
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specific NQ, emissions of no-CC sites and FCC sites evolve basicallghe same range of
6071 600 g/t of feedstock processekhd, for both categories of refineriethe highest specific
NOx emissions are clearly associated with the highest specific energy consumption

® NOy specific emission (g/t) A Nelson index (x 100) = Specific energy consumption (GJ/t) ‘
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Figure 3.9: Influence of the configuration, complexity and specific energy consumption on N
emissions

Influence of the refinery fuel mix on NOx emissions

NOx emissions from refineries depend on the fuel tyrpgogen or hydrogen content fuel),
combustor equipment desigNOyx control systemand operating conditiongn the particular
case of FCC regenerator figas NOy emissionsare in generalnot thermal NQ produced by
the interference of aitontained nitrogen in higtemperature combustiprbut are directly
linked to the nitrogen content in the feedstoglccordingly, large differences in the NO
emission level can be expected between refineraasl even between different combustion
installations at the same refinery at different tinMmverthelessgeneral trends can be observed
showing a rather clear correlation betweenyNgissions and the use of gasebuwsls for
energy system firingas stown in Figure3.10, the highest values of NQspecific emissions
recorded within a sample of 51 European refineries are associated with the lowest percentages
of energy coming from gaseous fuels in the fuel mixdusighesesites (egardless othe part
taken by the eventual natural gas external supply in these gaseous fuels)

‘ = Natural gas a Total gas (%) * NOx Specific emission (g/t) ‘
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Figure 3.10: Influence of the gaseous fuels used for energy supply on the site N€missions
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Table 3.4: NOyx emissions and main contributing unit data for 58 European refineries
e x | < | & + o @
§|c|>|8| 8|28 E£E3 TE3 2 & g &
Els8| 7" |2° © g8
3| 2|¢®
thyr glt | tlyr % tyr % thyr % | tlyr % | tlyr | % | tlyr %
40 | 62| O [2008| 337 | 59 | 328 | 97% | - - - - 7.7 [23%| 0.8 |02%| 0 -
53 | 38| 0 |2008| 380 | 69(%) | 375 | 99% | - - - - 3 |0.8%| 2 |05%| O -
25 | 97| 0 |2007| 294 | 81 | 270 | 92% | - - - - | 242|82%|NA| - | O -
41 | 65| 0 [2008| 329 | 83 | 323 | 98% | - - - - 2 |06%| 4 |12%| O -
26 | 10.8| 0 |2008| 910 | 89 | 536 | 59% | 366 | 40% | - - | 1.66 |0.2%]|5.75/0.6%| 0 -
55 | 51| O |2008] 85 | 90 | 85 |100% | NA - - - | NA| - |NA NA | -
44 | 16| O |2007| 476 | 108 | 389 | 82% | - - - - 0 - | 18 |3.8%]| 69 [14.5%
4 | 31| 0 |2008| 548 | 112 | 523 | 95% | - - - - 0 - | 25 |46%| O -
56 | 12.4| 0 |2008|1317| 210 | 824 | 63% | 431 | 33% | - - 0 - INA| - | 61 [46%
19 | 51| 0 |2008| 773 | 230 | NA - NA - - - | NA| - |[NA| - |NA| -
48 | 84 | 0 |2007|1842| 267 | NA - NA - - - | NA| - |[NA| - |NA| -
3 | 57| 0 |2006| 931 | 267 | NA - NA - - - | NA| - |[NA| - |NA| -
2 |11.2] 0 |2007| 165 | 272 | NA - NA - - - | NA| - |[NA| - |NA| -
52 | 10.9| 0 |2008|1384| 277 | NA - NA - - - | NA| - |[NA| - |NA| -
33 | 46 | 0 |2008|1725| 374 | 887 | 51% | 814 | 47% | - - 24 (14%|NA| - | O -
38 | 73| 0 |2008|3208| 392 | 2316| 72% | 870 | 27% | - - 0 - | 22 107%| 0 -
35 | 57| 0 |2008|1535| 424 | 927 | 60% | 609 | 40% | - - 0 - INA| - | O -
8 | NA | O |2008| 477 | 500 | 476 |100% | - - - - - - INA| - | O -
29 | 9.4 | 0 |2007|2337| 612 | NA - NA - - - | NA| - |[NA| - |NA| -
17 | 40| O |2008| 463 | 636 | 136 | 29% | 318 | 69% | - - - | 9 |19%| 0 -
23 | 84| 0 |2007|1030| (® | NA - NA - - - | NA| - |[NA| - |NA| -
39 | 82| 1 |2008| 687 | 68 | 620 | 90% | - - 48 | 7% | O - | 19 |28%| 0 -
24 | 49| 1 |2007| 694 | 80 | NA - NA - NA NA | - |[NA| - |NA| -
49 | 57| 1 |2008|1400| 93 | 760 | 54% | 300 | 21% | 300 | 21% | 20 |1.4%|NA| - | O -
6.8 | 1 [2008| 343 | 124 | NA - NA - NA NA | - |[NA| - |NA| -
6.2 | 1 |2008|1203| 132 | NA - 564 | 47% | 53 | 4% | NA | - [NA| - |[NA| -
18 | 12.9| 1 |2007|1144| 138 | 959 | 84% | - - 127 | 11% | 20.7 [1.8%| NA | - [17.69 1.5%
16 | 8.7 | 1 |2008| 1064 149 | 340 | 32% | - - 702 | 66% | O - |21.282.0%| 0 -
11 | 62| 1 |2008|1512| 162 | NA - NA - NA NA | - |[NA| - |NA| -
46 | 6.2 | 1 |2008|1685| 173 | 1322| 78% | 101 | 6% | 187 | 11% | - - INA| - | 75 [45%
54 | 54 | 1 |2007|1930| 179 | NA - NA - NA NA | - |[NA| - |NA| -
50 | 10.5| 1 |2008| 944 | 204 | NA - NA - NA - | NA| - |[NA| - |[NA| -
51 | 84| 1 |2007| 939 | 213 | NA - NA - NA - | NA| - |[NA| - |NA| -
15 | 6.9 | 1 |2007|1049| 216 | NA - NA - NA - | NA| - |[NA| - |NA| -
47 | 11.6| 1 |2008|2577| 217 | 2002| 78% - 575 | 22% - INA| - | O -
10 | 6.8 | 1 |2007|2002| 226 | NA - NA - NA NA | - |[NA| - |NA| -
14 | 93 | 1 |2008|3831| 231 | 2554| 67% | 661 | 17% | 540 | 14% | 34 |0.9%| 42 |1.1%| O .
22 | 72| 1 |2007|2047| 237 | 1052| 51% | 498 | 24% | 481 | 23% | 17.4 |0.8%| NA | - | O -
9 | 6.6 | 1 |2008|1418| 248 | 557 | 39% | 532 | 38% | 324 | 23% | O |0.0%| 4.9 [0.3% -
42 | 12.0| 1 |2008|2723| 249 | 1056| 39% | 154 | 6% | 178 | 7% | 21 |0.8%]| 21 |0.8%|1293/47.5%
32 | 11.4| 1 |2008|1494| 254 | 783 | 52% | 410 | 27% | 265 | 18% | - |0.0%| 36 [2.4% -
27 | 10.8| 1 |2006|4959| 259 | 3608| 73% | 920 | 19% | 357 | 7% | 14 |0.3%| 16 |0.3%| 44 |0.9%
57 | 82| 1 |2008|1535| 266 | 1261| 82% | - - 229 | 15% | 13 [0.8%| 0.8 |0.1%| 28 |1.8%
13.5| 1 |2008|3508| 283 | NA - NA - NA NA NA| - |NA| -
6.4 | 1 [2008| 984 | 301 | 742 | 75% | 43 | 4% | 177 | 18% | 22 |22%|NA| - | O -
31| 67| 1 |2008|3654| 302 | NA - NA - NA NA NA| - |NA| -
20 | 12.9] 1 |2007|2942| 318 | 1589| 54% | 607 | 21% | 706 | 24% | 40 |14%|NA| - | O -
58 [10.2| 1 |2008|3667| 321 |3201| 87% | 218 | 6% | 122 | 3% | - - | 29 [0.8%]| 98 |2.7%
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L % 9 & -% c + @ g
SIElg| . | =28 &% R Q = 8 5
s |l = | &S| s| 5 |22 cz Is 3 Q < £
Sls|S| 8| & |x8| 58 050 = @ m S
Bl 3|S5 > 2 |60 T 8
Q @ Q Z n o
= O
o | 2 s
tiyr glt | thyr % tyr % thyr % tlyr % | tyr | % | tlyr %
12 | 9.0 1 |2008|2175| 339 | 1608| 74% - - 561 | 26% - - NA | - |5.89(0.3%
43 8.7 1 [2008| 5803| 375 | 3339| 58% | 1068 | 18% | 1396| 24% 0 [0.0%| NA - 0 -
36 [10.1| 1 |2008|2213| 394 | 1304| 59% | 644 | 29% | 252 | 11% | O |[0.0%| 14 [0.6%| O -
13 6.0 1 [2008| 2155| 406 | 1419| 66% - - 618 | 29% | NA - 27.6(1.3%| 89 [4.1%
34 | 8.6 1 |2007|4333| 414 | 3785| 87% - - 542 | 13% | NA - 122.270.5%| O -
28 9.4 1 (2008|6147 | 431 | 968 | 16% | 4523| 74% | 626 | 10% | 30 |0.5%| - - 0 -
45 | 84 | 1 |2008|4550| 453 | 1340| 29% | 2080| 46% | 1125| 25% | 10 [0.2%| 4 [0.1%| O -
30 6.3 1 |[2007|4826| 460 | NA - NA - NA - NA - NA - NA -
21 |13.1| 1 |2007|2634| 468 | NA - NA - NA - NA - NA - NA -
37 | 95 1 |2008| 4197 | 575 | 1728| 41% | 1792| 43% | 381 | 9% | 1.2 D.03%|294.27.0%| O -
Numberof | 5o | 58 | 55 | 57 | 38 | 34 | 24 | 24 | 25 | 25 | 21 | 21 | 22| 22 | 10| 10
values:
Sum (kt): - - |1115| - 46292 - 18523 - 10873| - 306 - | 639| - (1781 -
Minimum: - - 85 59 85 | 16% 0 0% 48 | 3% 0 0% | 0.8 0.1%| 6 |0.3%
5th . - - 369 | 78 | 250 | 29% | 52 5% 67 | 5% 0 |0.0%| 0.9 |0.2%| 11 [0.5%
Percentile:
50th - - - [ 1923| 249 | 943 | 69% | 548 | 27% | 357 | 15% | 14 [0.8%| 19 [0.8%| 65 | 3.4%
Percentile:
95th - - | 4238| 515 | 3379| 99% | 2037| 65% | 1041| 28% | 34 |2.3%| 42 |4.5%| 755 |32.6%
Percentile:
Maximum: - - 6147 | 636 | 3785 | 100% | 4523 | 74% | 1396| 66% | 40 | 8% | 294 | 7% [1293] 47%
A Based on 906 of the production capacity.
(®  The annual feedstock refined has not been made available to the TWG.
NA These data have not been made available to the TWG.
) Not applicable
Source: TWG data collection guestionnaires

3.1.23 Particulate emissions

The concern with particulate emissions (including heavy metals) stems from health &ffects
main emission sources are process furnaces/boilers (ntaosigfired with (liquid) heay fuel

oil), catalytic cracker regeneratprsoke plantsincinerators decoking andsoot blowing of
furnaces andlares. As show, the range of emissions found in most European refineries
(5th to 95th percentiles within a sample of 43 plants) is appairisnfrom 20 to 700 tonnes of
particulates emitted per yeawhich corresporslto a specific emission range from 4 to
75tonnes of particulates per million tonnes of crude oil procesdesl lower emission value
can be achieved in refineries burning sahtal amounts of gas or when effective dedusting
devices €.9.ESP) araised

Table 3.5: Specific emission ranges of PMPM,and PM, s for 43 European refineries
Type of Specific load
particulates Unit 5thi 95_th 50th _ No
percentile percentile
PM (total) glt 47 75 181 43
PMiq glt 0.17 45 15 25
PM, 5 glt 0.017 12 4 4

Important heavy metals in crude oils are arsemercury nickel and vanadiumNickel and
vanadium are enriched in the residudaring distillation (se@able3.55in Section3.10.2 and
are removed with the particulate matter by ESP or fabric filfées @mbustion in the furnaces
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or after theregeneration of catalysts by burning.ddata on metal emissior®llected from a
sample of European refineriase available imable3.12.

3.1.24 Sulphur oxides emissions

Sulphur emissianto the atmosphere @ long been an issue for refineriesll crude oils
contain sulphur compound8onsequentlywhen firing non or partially desulphurised refinery
fuels SO, and SQareemitted There is a direct relation between the sulphur content of the fuel
and the amourof SO, emitted (for examplea fuel with 1% sulphur generates a fhgas with
around 700 mg/Nmi of SQ). The sulphurwhich is not extracted from the products in the
refinery, will remain in the various products and will be burnt tox3® the variousendusers

The refinery as a consumer of fuel for its energy usiilarly emits SQ. However natural

gas as a growing external energy supply in oil refinimprmally contains only traces of
sulphur compounds

Sulphur input/output mass balance

The sulphur output distribution can vagreatly depenihg on FCC unit furnace and boiler
operation modesSRU and hydrotreater performances and the overall share of products not for
combustion

According to a 2006 investigation by CONCAWE baseddrbiropeanrefineries(accounting
for 68% of the crude and intermediate feedstock refineth@ OECD), 156 kt of sulphur have
been emittedo air (i.e. 312 kt of SQ after oxidation) out of a 483 kt total sulphur intake
representing 33 % of sulphur emittedand 451% of sulphur recovered as shown in
Figure3.11. A similar survey based on 2010 data from 61 refineries shows an inanethse
percentage of the recovered sulphur te155.

Sulphur Emissions 2006

7.0% 3.7%

0,
11.8% @S emitted in air (156 kt)

@S recovered (1889 kt)
OS in products for combustion 1361 kt)
OS in products not for combustion (493 kt)|

45.1%
@In-out balance uncertainty 294 kt)

32.5%

Sulphur Emissions 2010

12.2% 0.6% 3.6%

@S emitted in air (151 kt)
@S recovered (2294 kt)
OS in products for combustion 1166 kt)

OS in products not for combustion (504 kt),

28.2%

55.4% @In-out balance uncertainty 24 kt)

Source [ 63, CONCAWE 2010 Jupdated 2012

Figure 3.11: Average sulphur output distribution from a sample of European refineries
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Moreovet based on the information tieered by the TWGTable3.6 displays sitdevel data on

the sulphur inpytspecific emissions and the fuels used in acde49 Europearnefineries
Within this samplethe median percentage of sulphur emitted in thesaid % andthe median
percentage of sulphuecovered by the SRUis 44.7 % of the refinery sulphur inpufsee
Section3.23.20n emissions from SRUThese two valueare very close to the ratiosplayed

in Figure3.11 It means that this€uropean sample is representative of the European global
situation as reflected ithe CONCAWE survey
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Table 3.6: Sulphur balance and specific emissions to air for a sample of 49 European
refineries
() = %} c ~ ce = ke] — s — § £
£ |2oc| S (288 S8 | €2 | Z5 | SE| =S| ST | SE | T | B3
S |8387| 5 |52t3| 28 | 5| 28 | 28| 5% | S| 3| 8E| sk
8 |35 | & |AgE| 88 |88 | £ |2 | &% |23 | 53| o3 | &=
= = =] = Q =2 ) S X% [ =] S x c 2 < 2 'c
(07 2 0] N+ N o %] %) zv e a
41 12 0.22 - 8672 0 8672 15 0.68 100 0 100 0.3
40 29 0.24 NA 12984 0 12984 19 0.40 82 7 89 0.6
39 34 1.10 NA | 106458 0 106458 24 0.002 99 0 99 0.2
4 79 0.50 - 24500 0 24500 100 - 100 0 100 0.8
18 161 122 | 005 | 86856 0 86857 647 | 0.09 72 28 100 0.8
25 225 | 216 | 050 | 75685 0 75685 | 3200 | 1.87 63 34 97 0.5
24 254 | 062 | 013 | 40517 0 40517 288 | 081 54 0 54 2.7
44 259 | 0.25 - 11025 0 11025 6 0.49 1 0 1 5.2
55 266 | 2.00 - 18800 0 18800 NA 0.35 25 0 25 0.7
3 268 025 | 0.30 8816 0 8816 168 | 040 92 0 92 5.3
26 304 | 1.30 - 132506 | 3522 | 136027 | 516 - 81 2 84 11
49 322 | 050 - 75000 0 75000 950 - 75 25 100 3.2
6 428 | 100 | 080 | 118020 | 19 118039 20 0.80 6 82 89 2.2
48 435 | 1.30 - 89700 0 89700 20 NA 44 0 44 17
52 441 | 050 | 020 | 23480 0 23480 400 | 0.10 86 3 89 47
42 466 | 040 | 030 | 41086 0 41086 87 - 97 3 100 6.2
51 502 | 0.30 - 13200 0 13200 20 NA 89 6 95 8.4
5 514 | 1.30 - 36036 0 36036 500 | 1.00 100 0 100 2.0
33 518 | 0.85 - 39185 0 39185 | 1300 | 0.67 46 0 46 3.0
22 540 | 0.90 - 77715 0 77715 100 | 1.60 85 4 89 3.0
50 639 | 070 | 120 | 32940 0 32940 500 | 0.9 95 0 95 45
15 667 | 030 | 050 | 14946 0 14946 500 | 0.37 73 0 73 10.8
28 678 | 130 NA | 184874 1 184874 10 1.08 13 41 54 26
7 724 | 061 - 19935 0 19935 5 0.63 96 0 96 5.9
9 741 | 074 | 150 | 43262 0 43262 44 1.60 83 3 86 49
11 777 | 080 - 74800 0 74800 100 | 112 58 10 68 49
47 789 | 032 | 045 | 40390 0 40390 47 0.8 76 0 76 116
27 870 | 168 | 250 | 331841 0 331841 | 652 | 1.28 49 29 78 25
32 908 | 1.10 | 060 | 59569 0 59569 | 1177 | 1.80 45 29 74 45
46 960 | 046 | 200 | 54408 0 54408 49 0.96 62 20 82 8.6
14 966 | 086 | 2.00 | 153941 0 153941 | 800 | 1.28 44 41 85 5.2
31 980 | 1.36 | 050 | 161135 0 161135 | 800 | 0.86 64 0 64 3.7
16 999 | 0.80 - 57226 0 57226 | 2000 | 1.00 69 9 78 6.2
13 | 1037 | 047 | 003 | 24497 0 24497 393 | 0.69 70 3 74 112
20 | 1045 | 1.00 | 170 | 97730 0 97730 10 0.87 58 13 71 49
30 | 1062 | 115 | 1.50 | 125595 0 125595 0 1.50 48 2 50 4.4
45 | 1117 | 030 | 010 | 29650 0 29650 350 12 59 0 59 189
2 1119 | 140 - 8484 327 8811 1000 | 1.00 5 1 6 38
43 | 1162 | 074 | 005 | 113959 0 113959 | 2123 | 179 48 22 70 7.9
10 | 1183 | 0.80 | 070 | 69905 0 69905 NA 1.90 60 8 67 75
3 | 1210 | 1.65 | 050 | 82303 0 82303 0.76 1.0 46 0 46 41
37 | 1242 | 191 - 139304 0 139304 49 1.46 50 17 67 33
12 | 1271 | 030 | 185 | 30474 0 30474 50 1.30 61 0 61 134
17 | 1370 | 067 - 4878 0 4878 | 16300 | 1.12 63 0 63 102
35 | 1443 | 104 NA 37551 0 37551 0 171 25 27 51 7.0
34 | 1530 | 1.99 - 208188 0 208188 50 1.95 51 7 58 38
38 | 1589 | 1.09 NA 88233 0 88233 | 4900 | 1.40 55 4 59 7.4
21 | 2417 | 310 | 230 | 157588 | 34220 | 191807 | 380 | 1.26 29 1 29 35
29 | 2564 | 1.05 NA 35244 0 35244 0 2.28 41 0 41 139
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—~ — © c
< 2|8 cc | O pe) - s 2 =
= eS| == |2 5 Q o - B =
£ 188 | 5 |=ES| z= (38| B2 | &®_| Eo | 2|58 | B | £E
= e85~ s |58¢8| £% |E2| 32 | £E £ | 8BS | SE | ES | E35
S |gS™| 5% |2E3| 5% |5F| 22 | 58| 53 | £E| 2| RBE | SE
7] 8= < >0 5 <35 < = & c g_ c 2 [O=] o o > E<
S |02 | & |PE&5| 2§ |58 8 E 2 L2 | 23 | 8° | %
o S a e |ad N 7 o S= | 3 >
= [ (%2}
Number g 49 26 49 49 49 47 43 49 49 49 49
of values
Average 798 0.95 0.86 71900 72677 865 1.06 61 9.8 71 52
5th ) 52 0.25 0.035 8729 0 8813 0.228 0.125 9 0.0 27 0.5
percentile
S0 741 0.85 0.5 54408 0 54408 100 1 61 3.0 74 4.4
percentile
95th . 1565 2 2 175378 | 204 | 189034 | 2877 2 100 382 100 12.7
percentile
() Refineries with no atmospheric distillation are excluded
(® The feedstock is calculated as the sum of crude oil and eventual intermeniates specific pnderation
(® When not available (3 siteghe sulphur content of intermediates has been assumed equal to the site crude oil
NA These data have not been made availatileg®WG.
(-) Not applicable
Source [ TWG data collection questionnasie

Main contributing processes and units

The main emission sources of S8e the process furnadesilers sulphur recovery unit$-CC
regeneratorsflares, waste water stripping@nd inconénsableoff-gas incinerators decoking
operations and coke cahation The CONCAWE 2006 investigation already referred to in this
section gives an average distribution of thex ®Missions from the 67 refineries studieg
shown inTable3.7.

Table 3.7: SO, breakdown by main contributing units as an average from a sample of 67
European refineries

SO, emitted by: Percentage of the sulphur Apprgximate perc_ent_age of
refinery intake refinery SO, emissions

Fuel fired in furnaes/boilers 1.8% 48%
FCC units 0.4% 11%
Sulphur recovery units 0.6% 16 %
Flares 0.7% 20%
Miscellaneous 0.2% 5%

Total: 3.7% 100%

For further detailssite-level individual data collected through TWG questionnaires have been
summarised iMmable3.8 for 57 Europeanmefineries The first part of the table corresponds to
the group of sites which do not operate a FCC, wiitle FCC sites are gathered in the second
part of this table (next pagé)hesedata show the distribution of $@®missions according the

main contributing units or processes
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Table 3.8: SO, emissions and main contributing units for a sample of 57 Europearefineries
x |3 o | 2 + Qg
3| & |1 5 EE 8z i85 o 5 5
S| 212 & 8 E3| 23 Te3 2 & g 5
@ S || 2 o = =9 0S5 9 s T o
h 2 9 E lnE s 75
z s
tlyr % tlyr % | tlyr % | tlyr % | tlyr % | thyr % | tlyr %
41 | 65 | 0 |2008) 49 |[03% | 5 |10% | NA - - - 36 |73%| 8 |16% | 0 | 0%
25 | 97 | 0 |2007| 812 | 05% | 568 | 70% | - - - - 244 |30% | O | 0% | O | 0%
40 | 62 | 0 |2008| 162 | 0.6% | 158 | 98% | 0 | 0% - - 4 | 2% [ 002 0% | O | 0%
55 | 51 | O |2008| 250 | 0.7% | 111 | 44% | NA - - - 142 | 57% | NA - 0 | 0%
4 | 31 | 0 |2008| 38 [08% | 76 |20% | O | 0% - - 0O | 0% |3102/80%| 0 | 0%
26 | 10.8 | O |2008| 3101 | 1.1% | 2639 | 85% | 289 | 9.3% | - - 5 |02%| 169 | 5% | 0 | 0%
48 | 8.4 | 0 |2007| 3000 | 1.7% | NA NA - - NA - NA - NA -
56 | 12.4 | O |2008| 5022 | 3.0% | 3603 | 72% | 1351 | 27% | - - NA - NA - 68 | 1%
33 | 46 | 0 |2008| 2386 | 3.0% | 1746 | 73% | 188 | 8% - - 452 | 19% | NA - 0 | 0%
2 | 11.2 | 0 |2007| 678 | 3.8% | NA - - - - - NA - NA - NA -
52 | 10.9 | O |2008| 2199 | 47% | NA - NA - - - NA - NA - NA -
44 | 16 | 0 |2007| 1144 | 52% | 429 |37% | O | 0% - - NA - 46 | 0% | 711 | 62%
3 | 57 | 02006 932 | 53% | NA - NA - - - NA - NA - NA -
35 | 57 | O |2008|5228| 7.0% | 3980 |76% | 2 |0.04%| - - 278 | 5% | 870 | 17% | 98 | 2%
38 | 7.3 | 0 |2008/13002| 7.4% | 9737 | 75% | 80 |0.62%| - - | 2006 | 15% | 1179| 9% | 0 | 0%
17 | 40 | 0 |[2008| 997 [10.2% | 866 | 87% 49 |49% | - - 0O | 0% | 82 | 8% | 0 |0%
29 | 94 | 0 |2007| 9789 |13.9% | 9637 | 98% | NA - - - 0 | 0% | 0O | 0% | 0O |0%
19 | 51 | 0 |2008] 981 | NA | NA - NA - - - NA - NA - NA -
23 | 84 | 0 |2007| 4818 | NA | NA - NA - - - NA - NA - NA -
53 | 3.8 | 0 |2008 675 | NA 50 | 7% | O | 0% - - 575 | 85% | 50 | 7% | O | 0%
39 | 82 | 1 /2008 346 |02% | 38 |11% | O | 0% | 68 |20% | 102 | 29% | 138 | 40% | O | 0%
18 | 129 | 1 |[2007| 1331| 0.8% | 304 | 23% | O | 0% | 42 | 3% | 941 | 71% | O | 0% | 39 | 3%
5 | 6.8 | 1 2008|1424 | 2.0% | NA - NA - NA - NA - NA - NA -
6 | 135 | 1 2008 5302 | 2.2% | NA - NA - NA - NA - NA - NA -
27 | 10.8 | 1 |2006|16653| 2.5% | 8337 | 50% | 32 |0.19% 2630 | 16% | 312 | 2% | 4955| 30% | 388 | 2%
28 | 9.4 | 1 |2008| 9668 | 2.6% | 152 | 2% | 8424 | 87% | 251 | 3% | 841 | 9% | O | 0% | O | 0%
24 | 49 | 1 |2007|2195|2.7% | NA - NA - NA - NA - NA - NA -
22 | 7.2 | 1 |2007| 4665 | 3.0% | 1621 | 35% | 131 |2.8% | 1110 | 24% | 1802 | 39% | NA - 0 | 0%
49 | 57 | 1 |2008| 4823 | 3.2% | NA - NA - | 3200|66% | 200 | 4% | NA - NA -
37 | 95 | 1 |2008| 9055 3.3% | 4706 |52% | O | 0% | 303 | 3% [3430|38% | 616 | 7% | 0 | 0%
21 | 131 | 1 |2007|13602| 35% | NA - NA - NA - NA - NA - NA -
31 | 6.7 | 1 |2008|11847| 3.7% | 5098 | 43% | 143 | 1.2% | 896 | 8% | 5710 | 48% | NA - 0 | 0%
34 | 86 | 1 |2007|16008| 3.8% |11587| 72% | O | 0% | 2137 |13% | 2283 |14% | 02 | 0% | O | 0%
36 | 10.1 | 1 |2008| 6801 | 4.1% | 3470 | 51% | 241 |3.5% | 941 | 14% | 2018 | 30% | NA - 131 | 2%
30 | 6.3 | 1 |2007/11138| 4.4% | NA - NA - NA - NA - NA - NA -
50 | 10.5 | 1 |2008| 2951 | 45% | NA - NA - NA - NA - NA - NA -
32 | 11.4 | 1 |2008| 5347 | 45% | 4193 | 78% | 3 |0.06%| 708 | 13% | 340 | 6% | 103 | 2% | O | 0%
57 | 82 | 1 |2008| 8402 | 46% | 2781 |33% | O | 0% | 2243 |27% | 2142 | 25% | 244 | 3% | 993 | 12%
11 | 6.2 | 1 |2008| 7263 | 4.9% | NA - NA - NA - NA - NA - NA -
9 | 66 | 1 |2008| 4245|4.9% | 1560 | 37% | O | 0% | 986 |23% | 1688 | 40% | 11 | 0% | O | 0%
20 | 12.9 | 1 |2007| 9658 | 4.9% | 3537 | 37% | O | 0% | 4911|51% | 976 | 10% | 231 | 2% | O | 0%
14 | 93 | 1 |2008]15991| 52% | 9475|59% | O | 0% |2121|13% | 2604 | 16% | 1791 | 11% | 0 | 0%
7 | 64 | 1 |2008|2365|59% | 733 |31% | O | 0% | 658 |28% | 943 | 40% | 31 | 1% | 0O | 0%
42 | 12.0 | 1 |2008| 5089 | 6.2% | 113 | 2% | 2 |0.04%| 970 | 19% | 1535 | 30% | 449 | 9% | 2020 | 40%
16 | 87 | 1 |2008| 7148 | 6.2% | 2525|35% | O | 0% | 864 |12% | 1771 | 25% | 336 | 5% | 1652 | 23%
10 | 6.8 | 1 |2007/10469| 7.5% | NA - NA - NA - NA - NA - NA -
43 | 87 | 1 |2008|17979| 7.9% | 9218 | 51% | 194 | 1.1% | 3779 | 21% | 4632 | 26% | 156 | 1% | 0 | 0%
51 | 84 | 1 2007|2210 | 8.4% | NA - NA - NA - NA - NA - NA -
46 | 6.2 | 1 |2008| 9326 | 86% | 1784 | 19% | O | 0% | 1929 | 21% | 1331 | 14% | 1475 | 16% | 2807 | 30%
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tlyr % tiyr % | tlyr % | tlyr % | tiyr % | tiyr % | tlyr %
15 6.9 | 1 |2007| 3239 |10.8% | 1328 | 41% 0 0% | 543 | 17% | 582.9| 18% | 324 | 1% | 753 | 23%
13 6.0 1 | 2008| 5499 | 11.2% | 1591 | 29% 0 0% 602 | 11% | 1527 | 28% | 167 3% | 1611 | 29%
47 | 116 | 1 |2008| 9365 |11.6% | 3061 | 33% 0 0% | 1712 | 18% | 1096 | 12% | 20 0% | 3477 | 37%
12 9.0 1 |2008| 8151 | 13.4% | 5903 | 72% 0 0% | 1652 | 20% | 421 5% 166 2% 9 0%
45 84 | 1 |2008/11230|18.9% | 6874 | 61% 0 0% | 3595|32% | 760 | 7% 0 0% 0 0%
54 54 1 |2007| 729 NA NA - NA - NA - NA - NA - NA -
1 6.2 | 1 |2009| 539 NA 23 - 454 - 62 - NA - NA - NA -
58 10.2 | 1 |2008|13127] NA |11264 88% | 0.8 |0.01%| 262 724 6 % 877 7% 0 0%
No of values: | 57 | - 57 51 39 39 35 35 27 25 38 38 33 33 39 39
Minimum: - - 49 | 0.2% 5 2% 0 0% 42 | 3% 0 0% 0 0% 0 0%
Sth . - - 327 | 06% | 49 | 7% 0 0% 64 | 3% 0 0% 0 0% 0 0%
Percentile:
Average: - - | 4832| 5.1% | 4050 | 49% | 318 | 4% | 1451 | 20% | 1170 | 23% | 438 | 9% | 378 | 7%
Igitrtentile' - - |15994| 12.5% | 9890 | 89% | 608 | 15% | 3724 | 47% | 3610 | 71% | 1601 | 34% | 2099 | 37%
Maximum: - - |17979| 18.9% | 11587| 98% | 8424 | 87% | 4911 | 66% | 5710 | 85% | 4955 | 80% | 3477 | 62%
NA: These data have not been made available to the TWG.
()  Not applicable.
Source] TWG data collection guestionnaires

As shown inFigure3.12 and Figure3.13, no obvious correlation can be graphically observed
for the first group of sites (neRCC operated) or for the second one (including F®Eween
the sulphur emitted/input ratio calculated for these refineries and the respective ofieighit
different main contributing units or processksboth casesfurnaces and boilers appear most
often as the main contributonshich confirns the trendshownin Table3.7. It is even truer if
emissions fom theentireenergy systefincluding eventual CHPs and staalbnegas turbines
are considered

For theselected refineries operating-&€C, this unit generates a rather stapteportion most

often within 157 30%, of the SQ site emissionsThe inportant role playedy sources
involved in the6 Ot tcaeagdyyshould also be notedvhen they existEven if their average
weight reported to the overall European refining emissions is low (aro@fdaS shown in
Table3.7), they most often represent a major part of the individualleite! SQ emissions for
the refineries concernetflhese emissions come from

1 the incineration of waste water stripping and/or process incondersfiga®es when
they are evenfally not recycled ito the RFG treating system

the coke plantsvhen presen&and especially the green coke calcingtion

the contribution of flareswhich can be very significantnotably for refineries
experiencingother than normabperating conditins, such astechnical difficulties or
major stardup/shutlown episodes

)l
)l

Influence of crude sulphur content and the site refining overall configuration

An overview of the historic development of the distribution of sulphur output in European
refineries isgiven inTable3.9. It also presents the average sulphur recovery percentage in the
western European refineries that has grown from abo@b i® the late1970s to more than
45% now. This tableshows thereductios of sulphur contentachieved in the oil products
destinedfor combustion (sealled S in fuels) sold to custometts can be noted that these
reductions were achieved whitlirect sulphur emissions from the refineries have shown a
decreassince 1995
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Figure 3.12 Respective weight of main S@contributing processes for 12 European refineries
not operating aFCC unit as a function of their sulphur emitted/input ratio
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Figure 3.13 Respective weight of main S@contributing processes for 24 European refineries
operating a FCC as a function of their sulphur emitted/input ratio

Table 3.9: Trends of sulphur distribution in western European refineries (data in kt/yr)

Year 1979 1982 1985 1989 1992 1995 1998 2002 2006
Crude intaké) 680000 | 494000 | 479000 | 527000 | 624000 | 637000 | 635000 | 684000 | 696000
S in crude%(®) 1.45 1.28 0.98 1.10 1.06 1.03 0.97 0.91 0.91
Sin crud(}l) 9860 6323 4694 5797 6615 6561 6159 6224 6334
S recovere(%(z) 104 175 232 305 26.9 36.1 394 47.6 45.0
S emittedn air % 9.0 12.2 112 9.1 7.9 8.6 7.2 5.5 3.7
S in fuels%() 90.7 75.7 73.3 58.3 50.9 40.0 37 29.8 325
(3 Forall OECD Europe
(%) From the CONCAWE refinery site saie covered by the annual survey
Source [ 152, CONCAWE 1998 [ 63, CONCAWE 2010 ]

Figure3.14 shows for 51 European refinerieghe interaction between various parameters
related to the crude qualitfo of sulphur) the site complexity (measured with the Nelson
Index), and the specific emissions reportedthe amount of feedstock treated (Sfft) and to
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the sulphur total intak&%b of sulphur emitted/input ratjoAvailable dataaredisplayed fortwo
site groups according to the presence of a FCC unit (34 sites) or not (17 sites)

¢ SO, (g/t crude) m Nelsonindex (x100) A Sincrude (% x2) ¢ Semitted/input (% x 1/2) ‘
3000 10
5 ® 5
b 77 o
8 2500 =
§ 85
2 -7 &
£ 2000 ° o
(3]
1l ®
5 . o®® a
Q 1500 - : * - 5 0
0]
° A n *® * 3
g 4 a em ° A .. - U 1 CRR—
x 1000—m ® — 5
(] ™ @ (] "3 2
T AR A o0 $go " . =
c p— ° ao? 2 11 1141 POE BRI L ™ +2 2
P, e L, ® R L
5} . o0 A A A -
z . ° A-ATAAA
0l6eges e 0
Sites without FCC unit Sites with FCC units
Figure 3.14: Influence of the configuration, complexity and crude quality on SQ emissions

Severalpointscan be derived from this graphic

1 The hghest SQ specific emissions are not necessarily associated with the most complex

sites

1 As mentionedat the beginning of this sectipRCC units contributéo around 11% of the
SO, European refining emissionand represent on average 20(up to 66%) of the
individual emissions of the sites concernddwever as showrin Figure3.14, refineries
with FCC do not tend to emit more Sthan refineries without FCC

1 Another important variable that is typity referred to for explaining the behaviour of
SO, emissions in refineries is the content of sulphur in the crude oil procéssedver
once againdata displayed ifFigure3.14 show that within this site samlg, refineries
with similar sulphur content in the treated crudeaaih have very high differences in
specific emissionsand many sites achieving very high specific emissions are actually

thosetreating the most favourable crudes

Influence of the refinery fuel mix

Another parameter which could be expected to strongly influence the refinggngsionss

the ratio ofgaseous fuels (including the eventual supply of external natural gas) and residual
liquid fuels in the site energy suppls shownin Figure3.15, there is a clear correlation within

this site sample between the S€pecific emissiomand the weight of residual fuel oils in the

fuel mix, even if some sitewith very high liquid fuel ratios can h®ve a very good S@

performance
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a— SO2 specific emission (g/t) = Emitted/Input sulphur (%) ¢ Energy from liquid fuels (%) ‘
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Figure 3.15: Influence of the gaseous fuels used for energy supply on the site &Missions

3.1.25 Volatile organic compounds emissions

Volatile organic compounds (VG is the generic term applied to all compounds containing
organic carbonwhich evaporate at ambient temperature and contribute to the formation of
odour nuisanggd s U mme r switlo qufficierst surtkhinetropospheric 0zon&/OC losses

can be calculatethrough various methods based on emission factors or directly measured
Extensive information on this issue can be found in Se®i26.1.3related spcifically to VOC
monitoring

The main sources of VOCs from refineries faugitive emissions from piping systemsaste
water systemdixed roof storage tanks (tank breathingdading and unloading systenwther
storagehandling and blowdown systesnFugitive VOC emission sources such as (single) seals
from pumps compressorsvalves and flanges and leaks in pipelines and equipment may
contribute significantlyto the total VOC emissiondlost of the European refineries (from 5th

to 95th percentilebased on the 53 sites gathered by the T\W@Gi} from 150 to 600 tonnes of
VOCs per year; the related specific emission range is from 500@0 Xonnes of VOE per
million tonnes oftotal feed processedlmost all of these results have been achievedgisi
emission factor estimatesll available data are displayed rable3.10. For more details on
diffuse VOC monitoringsee Sectio3.26.1.3
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Table 3.10: Data on volatile organic compounds emitted by a sample of 53 European refineries
%‘;g; 2 g Total VOCs NMVOC ?}g“css Benzene
- zZ - thyr g/t tlyr g/t tlyr g/t kalyr gt
44 1.6 1621 368 NA NA 1563 354 48642 11.03
4 3.1 6882 1404 4792 978 NA NA NA NA
17 4.0 282 387 NA NA NA NA 3585 4.92
33 4.6 NA NA 1170 254 NA NA NA NA
24 4.9 NA NA NA NA 3825 442 NA NA
19 51 2825 841 NA NA NA NA NA NA
55 51 NA NA 435 463 435 463 NA NA
54 54 NA NA 6161 571 NA NA NA NA
35 57 2388 659 2012 555 NA NA 416 0.11
49 57 956 64 913 61 758 51 6742 0.45
3 57 1231 353 1192 342 NA NA NA NA
13 6.0 NA NA 1176 222 NA NA 31710 5.98
40 6.2 NA NA 3000 529 3000 529 34000 6.00
1 6.2 NA NA 503 55 NA NA NA NA
11 6.2 NA NA 1390 149 233 25 11697 1.25
46 6.2 NA NA NA NA 1021 105 NA NA
30 6.3 NA NA 2103 200 2040 194 41130 3.92
7 6.4 513 157 NA NA NA NA 12983 3.97
41 6.5 1071 272 NA NA 905 230 14000 3.55
9 6.6 1077 188 795 139 94 16 14649 2.56
31 6.7 NA NA 806 67 NA NA 6490 0.54
5 6.8 NA NA NA NA 923 NA NA NA
10 6.8 997 113 967 109 897 101 16177 1.83
15 6.9 558 115 NA NA NA NA 6000 1.24
22 7.2 NA NA 3095 358 3022 350 33346 3.86
39 8.2 NA NA 3910 387 3910 387 38000 3.76
57 8.2 1175 203 1123 194 1019 176 NA NA
45 8.4 4300 428 4270 425 4100 408 40000 3.98
23 8.4 NA NA 2900 NA NA NA 24008 NA
48 8.4 32000 4638 1000 145 NA NA 17835 2.58
51 8.4 666 151 646 147 NA NA 2034 0.46
34 8.6 1750 167 1537 147 NA NA NA NA
16 8.7 NA NA 768 107 NA NA NA NA
43 8.7 2056 133 2006 130 NA NA 35000 2.26
12 9.0 NA NA 677 106 NA NA 13889 2.17
14 9.3 NA NA 2252 136 2355 142 25251 153
29 9.4 NA NA 780 204 738 193 17000 4.45
28 9.4 1110 78 NA NA 774 54 1003 0.07
37 9.5 5651 775 4862 667 4490 616 1660 0.23
25 9.7 236 65 NA NA 236 65 NA NA
36 10.1 152 27 151 27 NA NA NA NA
58 10.2 2227 195 NA NA 2086 183 NA NA
50 105 2552 552 2376 514 2271 492 4216 0.91
27 10.8 3070 160 2757 144 207 11 10000 0.52
26 10.8 2103 206 2082 204 1958 192 43752 4.29
52 10.9 807 162 783 157 NA NA 9600 1.92
2 11.2 151 249 NA NA NA NA NA NA
32 114 742 126 709 120 67 11 5300 0.90
47 116 4949 417 NA NA NA NA 64320 5.42
42 120 6044 554 5971 547 5850 536 302000 27.67
56 12.4 NA NA 123 20 NA NA NA NA
20 129 NA NA 3655 395 NA NA 32894 3.56
21 131 3326 591 NA NA 3288 584 NA NA
No of values 32 32 38 37 28 27 34 33
5th percentile 198 65 392 50 134 13 1430 0.2
50th percentile 1426 205 1291 194 1292 193 15413 2.6
95th percentile 6421 1095 5029 590 4353 570 54129 8.0
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Figure3.16 has been constructed from the 39 refineries in this sample for which the full
distribution of VOG (Total VOC or NMVOC) per contributing presses has been made
available

800

O Specific fugitive (units+ pipes)VOC (kg/kt total feed)
700 - O Specific WWTP VOC (kg/kt total feed)
W Specific Loading VOC (kg/kt total feed)

600 1 O Specific Storage VOC (kg/ kt total feed) =

500 HHHE

400 = HHHHHT

300 HHHHHHHHHHHHHE
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Figure 3.16: VOC specific emission range and breakdown for @European refineries

As it appears irFFigure3.16, the highest specific VOC emissions at the site level are mainly
driven by fugitive emissions (leakages from units and pipes) and storage emiBsiotise
lowest onesthe waste water treatmestthe most significant

Some accidental spillages can be of a continuous nauech as leaking pump sealsaking
valve glands and leaks from pipewofBthers which are of a oneff nature can occur from
sources such as equipment failyi@gerfilling of tanks and overfilling of road and rail cafs
shown n Figure3.16 from the TWG 2008 data collectigrihe fugitive emissions from process
equipment arene ofthe largest single soursef VOCs emitted to the atosphere in a refinery
and can account for 3@ of the total emissiong-ugitive emissions include the emissions that
occur from items such as valygaump and compressor sedlsnges vents and open ends
Valves are considered to account for approxitgat80i 60% of fugitive emissions
Furthermore a major portion of fugitive emissions comes from only a small fraction of the
sources €.g.less than 26 of valves in gas/vapour service can account for ove¥ i the
fugitive emissions of a refineryome valves are more likely to leak than otherg:

1 Valves that are operated frequensiych as control valvemay weardownmore quickly
and allow emission paths to develéfpwever newer low-leak control valves provida
good fugitive emissionsonitrol performance

| Valves with rising stems (gate valyegobe valves) are likely to leak more frequently
than quarteturn type valves such as ball and plug valves

Factors driving these releases of hydrocarbons are equipment,dgsadjty of the ealing
system maintenance programme and properties of the line contéots designs (with wider
tolerances)poor sealing systeme.g.leakprone valve packings) and limited maintenance will
lead to higher emissionheseemissions can be estimatedngsthe factors imable3.11.

For exampleemission factorscan be estimatedusing theUS EPA stratified method as
presented in Table .B, taking into accountthat they are derived from shetgrm
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measurementsOther methods have been applied to calculate the fugitive emissions from
refineries the adsorption method and DIAL method (see Se@&@igf).

Table 3.11: Emission factors according tothe stratified US EPA method for the assessment of
fugitive emissions

Emission factor in (g/(h source)) for
Emissionsource measured values in ppm v/v in the
following three ranges
Emission range (ppmv/v) | 071 1000 | 10017 10000 >10000
Valves for gas or vapour 0.14 1.65 451
Valves for liquids with
Vp>0.3 kPa (light liquics) 0.28 9.63 852
Valves for liquids with
Vp<0.3 kPa (heavy liquig) 0.23 0.23 0.23
Pumps for light liquids 1.98 335 437
Pumps for heavy liquids 3.80 92.6 389
Compressors 11.32 264 1608
Safety valves for gases 114 279 1691
Flanges 0.02 8.75 375
Openend valves 0.13 8.76 12.0

Source[ 160, Janson 1999[]77, REF TWG2010]

3.1.2.6 Other emissions to air

Other pollutants considered are carbon monoxide (process furnaces/lgaitetarbinesFCC
regenerators flare system incinerators cold vens) and methane (storage and handling
(loading) cold vents and leaksiNoise H,S, NHs, CS;, dioxins and HF also contribute to the air
emissions from a refinery

Mercury and components of arsenic are volatile and are emitted to some extent with the clean
gas A part of these compounds react with plant material or deposit on the catalysts in the
reactors of the conversion plantéerefore protective layers are used for the interception of the
catalyst poisons

Flares compressorspumps turbines and ia coolers require particular attention as regards
sources of noise

Finally, odours in a refinery are mainly created by sulphur composuicizas HS, mercaptas
but also by some hydrocarbored. aromatics) The mainsourcesof odour in refineries are
storage €.g.sour crudes)bitumen productionwater desalter sewers uncovereddissolved air
flotation, oil/water'solid separatioand biotreatmeninitsand flaring

Table3.12 gathers a set of data illusiray the performance of European refineriasade
available from the 61 sitkevel questionnaires provided by the TWG in charge of the revision of
the present document
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Table 3.12: Specific air emission ramges for various substances from European refineries
Specific load(g/t of feed) No of
Substance 5th 7 95th 50th
: . values
percentile percentile
Carbon monoxide 107 415 53 43
Ammonia 0.17 22 11 17
Hydrogen sulphide 0.157 1.1 0.3 4
Hydrofluoric acid (%) 0.017 1.6 0.1 6
Benzene 0.187 8 2.5 33
BTEX 11 70 17 7
PAH-16 0.0017 0.4 0.005 17
PCDD/F NA NA
As <0.0017 0.014 0.002 28
Cd <0.0017 0.034 0.002 25
Cr <0.0017 0.18 0.007 29
Cu <0.0017 0.07 0.009 24
Hg <0.00017 0.038 0.001 23
Mn (%) 0.00271 0.007 0.004 3
Ni 0.0027 1.3 0.16 37
Pb 0.0017 0.1 0.009 27
Se ) 0.00271 0.007 0.004 3
\% 0.0017 1.1 0.15 23
Zn 0.0017 0.62 0.04 33
Metals €) 0.017 3.4 0.38 6
(3 For these parametersnly min, max and average are provided givéme
limited number of available values
(® Sum of individual percentile data for the following metals
Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se V, Zn.

3.1.2.7 Expression of full or partial site air emissions using dubblesd

The dubblebapproach for the evaluatbn and monitoring of refinery air emissions

In the context of this BREF and for the purpose of expressing meaningful site or partial site
emissions levelthe bubble determination should always be based on concentration and specific
emission ranges expedtat all concerned installations when BAT is appliethd should
involve the following steps (regardlesktheir order)

exhaustive identification and geographical mapping of all included squrces
determination of theff-gasvolumetric contribtions expected from all included sources
determination of the mass contributions expected from all included spurces
determination of the bubblassociated monitoring regime

PR

The actual details of the calculation aadditional informatioron eah of these steps are given
in Annex8.6. More details on this approach are availabl&dotion4.15.5

The total emissions of one substance released by alkitiesen site can therefore be expressed
as a single valuasing this approach based awmailable data providedhtoughthe TWG data
collection

Actual NOx emissions from European refineriesbubble-expressed examples

Site individual sets of NQdata colected by the TWdor each sitehave been gathered in
Table3.13. These data have been processed in order to calculate the annual average equivalent
concentration of NQin the sum offlue-gasesemitted by thefour categories of contributing

units as listed belowThese calculations are based on actual eamissieported for the year

2007 or 2008 Two examples of bubblexpressed emission levelsvhich correspond
respectively td=igure3.17 andFigure3.18, are presented for the set of sites concerned
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In the first caseas shownin Figure3.17, which corresponds t€olumn (e) in Table3.13, the
full list of contributors has been usechich includes

1 furnaces and boilers

1 CHPs and gas turbines

i FCC units

1 sulphur recovery units

Mass and volumetric contribution terms from each of tliesecategores were fully available
for a sample of 2 sites og which sevenwere nonFCC sites and 18vere FCC sites;
Figure3.17 shows the range of equivalent concentrations obtaifteel unit for which less data
were available, in particular as far as volumetric contributionsre concernedis SRUand is
mainly responsible for the limited size of this refinery set

In the second casélustrated byFigure3.18, the small NQ contibution of sulphur recovery
units ha not been taken into accouand contributors only include

T furnaces and boilers
1 CHPs and gas turbines
T FCC units

Mass and volumetric contribution from each of thégeecategories were fully available for a
total of 30 sitesof which 10werenonFCC sites and 2&ere FCC sites The results obtained
for the whole group of refineriewevery close to the results obtained in the first case

In both casesas shown irFigure3.17 andFigure3.18, an informationsummary is provided for

each refinery on the part taken by the refinery fuel gas and an eventual additional natural gas
supply in the refinery energy mixtogether with themain NQ; abatement techniques
implemented on the FCC unit and the energy system
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Table 3.13: Equivalent concentrations of NQ; emissions for a sample oEuropean refineries
'5 n @ @ +
g g, | & 3 = glzlz | 2@
E |83 ¢ ¥ 2 Q ) S ? |z¢ S | 2
g l2f| ¢ 2 g g % s | 682 5 |3
7] = S =] o [} = o
S | 8% & c * 2|2 5?8 |3
(07 o S 3 e @ = 233 F i
7] © @
yes=1| g/t | thyr |GNmyr| tyr |GNmyr| tlyr |GNm3yr| tiyr |GNm3yr mg/Nmat 3% O,
40 0 59 | 328 | 348 0 0.00 - - 77 | 009 94 [ 94 [ 94 | - [ oa
53 0 69 | 375 | 209 0 0.00 - - 3 002 | 179 | 179 | 179 | - | 179
25 0 81 | 270 | 216 0 0.00 - - 242 | 010 | 125 [ 125 [ 130 | - | 130
26 0 80 | 536 | 615 | 366 | 151 - - 166 | 0.6 87 | 118 | 117 | - | 117
a4 0 | 108 | 389 | o088 0 0.00 - - NA NA 442 | 442 [ NA | - | NA
56 0 | 210 824 | 264 | 431 | o098 - - NA NA 312 | 347 [ NA | - | NA
33 0 | 374| 887 | 173 | 814 | o086 - - 24 | 003 | 512 | 655 | 656 | - | 656
38 0 | 392 |2316] 473 | 870 | 132 - - NA | 016 | 490 | 527 | 513 | - | 513
35 0 | 424 | 927 | 175 [ 609 | 027 - - 000 | 035 | 529 | 757 | 645 | - | 645
8 0 | 500 476 | 220 0 0.00 - - NA NA 216 | 216 | NA | - | NA
39 1 68 | 620 | 6.03 0 000 | 48 | 073 0 019 | 103 | 103 [ 100 | 66 | 96
1) | 1 92 | 221 | 303 | 454 | 561 | 88 | 076 | NA NA 73 | 78 | 78 | 116 | 78
49 1 93 | 760 | 560 | 300 | 060 | 300| 200 | 20 | 008 | 136 | 171 | 172 | 150 | 167
18 1 | 138] 959 | 620 0 000 | 127 o084 [ 207 | o011 | 155 | 155 | 155 | 151 | 155
46 1 | 173 | 1322 400 [ 101 | o066 | 187 | 170 | NA NA 331 | 305 | NA | 110 | NA
a7 1 | 217 [ 2002 | 781 0 000 | 575 198 0 002 | 256 | 256 | 256 | 290 | 263
14 1 | 2312554 1012 | 661 | 555 | 540 | 094 | 34 | 037 | 252 | 205 | 203 | 574 | 223
22 1 | 237 | 1052 425 | 498 | 595 |481| 174 | 174 | 014 | 247 | 152 | 151 | 276 | 169
9 1 | 248 | 557 | 226 [ 532] 060 | 324| o070 0 003 | 246 | 380 | 376 | 467 | 394
42 1 | 2490 | 1056 | 474 | 154 | o056 | 178 | 113 | 21 | 006 | 223 | 255 | 256 | 158 | 238
32 1 | 254 783 | 313 | 410 | 115 | 265| 071 | NA NA 250 | 279 | NA | 373 | NA
27 1 | 250 | 3608 | 1191 | 920 | 758 | 357 | 143 14 | 065 | 303 | 232 | 226 | 250 | 227
57 1 | 266 | 1261 561 0 000 | 229 09 13 | 017 | 225 | 225 | 220 | 254 | 225
7 1 [ 301 742 | 154 | 43 NA [ 177] 038 | 22 | 005 | 482 | NA | NA | 466 | NA
20 1 | 3181589 | 640 [ 607 | 310 | 706| 19 | 40 | 010 | 248 | 231 | 233 | 372 | 256
12 1 | 339 | 1608 | 503 0 000 | 561 131 0 005 | 320 | 320 | 317 | 428 | 339
43 1 | 375 3339| 720 [1068] 100 [1396| 251 0 010 | 464 | 537 | 531 | 556 | 537
36 1 | 394 | 1304| 824 | 644]| 262 | 252| 140 0 NA 158 | 179 | NA | 180 | NA
13 1 | 406 | 1419 339 0 000 | 618 1.24 0 008 | 418 | 418 | 408 | 497 | 431
28 1 | 431 ] 968 | 545 [4523] 1158 | 626 | 08 | 30 | 034 | 177 | 322 | 318 | 735 | 337
45 1 | 453 | 1340| 368 [2080| 371 [1125] 395 10 | 005 | 364 | 463 | 461 | 285 | 400
37 1 | 575 | 1728 | 48 [1792| 179 [ 381 | 125 | 12 | 008 | 356 | 530 | 524 | 305 | 489
Noofvalues | 32 [ 32 | 32 [ 32| 31 [22] 22 | 25| 26 | 32 | 31 | 25| 22| 25
Average | 2631191 5 [550| 184 [434] 138 | 12 | o | 274 | 299 | 203 | 321 | 294
Minimal 59 | 221 | 088 0 000 | 48 | 038 0 0.00 73 | 78 | 78 | 66 | 78

5th percentile | 69 302 1.65 0 0.00 127 0.70 0 0.02 91 99 95 110 | 94

50th percentile| 252 | 964 4.49 366 0.63 357 1.25 10 0.09 249 | 255 | 233 | 288 | 238

95th percentile| 474 | 2907 9.09 1922 6.77 1125 251 33 0.37 499 596 | 622 | 574 | 624

Maximal 575 | 3608 | 1191 |4523| 1158 |1396| 3.9 40 0.65 529 | 757 | 656 | 735 | 656

(a) Equivalent concentration calculated foif-gases emitted by all furnacesd boilers

(b) Equivalent concentration calculated foff-gases emitted by all furnacgloilers and CHP andstandalonegas turbines if any

(c) Equivalent concentration calculated foff-gases emitted by all furnaces and boile@HP andstandalonegas turbines if anyand SRUs
(d) Equivalent concentration corresponding to the FCC alone

(e) Equivalent concentration corresponding to the sum of (cpéfrghses emitted by theCC units if any

(f) NB: Site 1 data made available foOR9 emissins tail gas of SRU treated in SNOf CHP plant

NB: NA These data hae not been made available to the TWG

Source [TWG data collection questionnaire$
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Figure 3.17: Equivalent concentration of the NG, emissions fromthe whole energy system
FCC and SRU units of B European refineries
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Figure 3.18; Equivalent concentration of the NG, emissions fromthe whole energy system and
the FCC unit of 30 European refineries

Actual SO, emissions from European refineriesa bubble-expressed example

Similar to what has been presentbédee for the NQ emissionsindividual site sets of S@data
collected by the TWG have been gathered able3.14. These data have been processed in
order to calculate the annual average equivalent concentrdti®@,dn the sum of thdlue-
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gaseemitted by thdour categories of contributing units as listed bel@lese calculations are
based on actual emissions reported for the year 2007 or 2008

An example of bubblexpressed emission levels is displaye#igure3.19, which corresponds
to Columm (e) inTable3.14. The full selection of contributors has been ysduch includes

1 furnaces and boilers
1 CHPs and gas turbines
il FCC units

| sulphur recovery units

Mass and volumetric contribution terms from each of tliesecategories were fully available
for a sample of 29 sitef which 10 were nonFCC sites and 1%vere FCC sites and
Figure3.19 shows the range of equivalent concentrations obtaifiéeé contributing unit
category for which the dataereavailable in particular as far as volumetric contributionere
concernedwas once again SRUmainly responsible for the limitatioof this refinerydataset

As shown inFigure3.19, an informationsummary is provided for each refinery on the part
taken by the refinery fuel gas and an eventual additional natural gas supply in the refinery
erergy mix together with the main NQabatement techniques implemented on the FCC unit
and the energy system

S0O2 full bubble: furnaces and boilers + CHP + SRU + FCC if any
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Figure 3.19: Equivalent conceriration of the SO, emissions fromthe whole energy system and

the FCC and SRU unit of 30 European refineries
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Table 3.14: Equivalent concentrations of SQ emissions for a sample of European refineries
) (7] L2 + %\ —
e | 55| 2 5 s | ¢ (% | 22|85 82
8| g9 3 5 o | O |9c|edz Fo | 2h 8
AR 2 8 2 Sl & |83 |845| 62 |84”
2 =2 @ o L O | 5I= S LT
7| €5 g > “ ¢ 2| 2 |26 (805 20 |89
2| 8°3 : 2| 8|5 | §R| 55| Bo
w O 2 @0 S 0 g ©°
i g E 5 g E 5 ? E 5 ? E s |5 | 58| 5| 51 5 St
2 3|8 o) 5 ? |5 2|6 £ £ = £ = =
53 0 50 | 2.09 0 0.00 - - 575 | 0.02 | 24 24 | 296 296 299 299
40 0 158 | 3.48 0 0.00 - - 4 0.09 | 46 46 45 45 47 47
25 0 568 | 2.16 0 0.00 - - 244 | 010 | 263 | 263 | 360 360 376 376
26 0 2639 615 | 289 | 151 - - 5 0.06 | 429 | 382 | 380 380 383 383
44 0 429 | 088 0 0.00 - - NA | NA | 487 | 487 | 487 487 487 487
33 0 1746 | 173 | 188 | 0.86 - - 452 | 0.03 | 1007 | 745 | 908 908 919 919
8 0 2918 | 2.20 0 0.00 - - NA | NA | 1326] 1326] 1326 1326 | 1326 | 1326
56 0 3603 | 264 | 1351 | 0.98 - - NA | NA | 1365|1369 | NA NA NA NA
29 0 9637 | 6.8 | NA NA - - 0 | 0003|1405 1405 | 1404 | 1404 | 1405 | 1405
38 0 9737 | 473 80 1.32 - - | 2006 | 016 | 2059 | 1623 | 1905 | 1905 | 1954 | 1954
35 0 3980 | 1.75 2 0.27 - - 278 | 035 | 2269 | 1963 | 1790 | 1790 | 2100 | 2100
39 1 38 | 6.03 0 000 | 68 | 073] 102 | 019 6 6 23 30 23 31
1 1 23 | 303 | 454 | 561 | 62 | 076 | NA | NA 8 55 55 57 55 57
42 1 113 | 474 | 154 | 056 | 970 | 1.13 | 1535 | 0.06 | 24 22 | 308 404 311 407
28 1 258 | 545 | 18044 | 1158 | 640 | 0.85 | 1498 | 0.34 | 47 | 1075| 1140 | 1122 | 1163 | 1143
18 1 304 | 6.20 0 000 | 42 | 084 | 941 | 011 | 49 49 | 197 180 201 183
49 1 1400 | 560 | NA | 060 | 3200 | 200 | 200 | 008 | 250 | 226 | 255 580 258 585
45 1 1110 | 368 | 5800 | 371 [ 3600 | 395 | 760 | 0.05 | 302 | 935 | 1031 | 989 | 1038 | 994
22 1 1621 | 425 | 131 | 595 | 1110 | 1.74 | 1802 | 0.14 | 381 | 172 | 344 386 348 391
47 1 3061 | 7.81 0 0.00 | 1712| 1.98 | 1096 | 0.02 | 392 | 392 | 531 598 532 599
36 1 3470 | 824 | 241 | 262 | 941 | 140 | 2018 | NA | 421 | 342 | NA NA 528 544
46 1 1784 | 4.00 0 066 | 1929 | 1.70 | 1331 | NA | 446 | 383 | NA NA 668 793
13 1 1591 | 3.39 0 0.00 | 602 | 1.24 | 1527 | 0.08 | 469 | 469 | 897 788 919 802
7 1 733 | 154 0 NA | 658 | 038 | 943 | 005 | 476 | NA | NA NA NA NA
57 1 2781 | 561 0 0.00 | 2243 | 090 | 2142 | 017 | 496 | 496 | 852 | 1072 | 878 | 1100
20 1 3537 | 6.40 2 310 | 4911|190 | 976 | 010 | 553 | 553 | 694 | 1122 | 705 | 1135
9 1 1560 | 2.26 0 006 | 986 | 0.70 | 1688 | 0.03 | 689 | 545 | 1124 | 1181 | 1136 | 1191
27 1 8337 | 1191 | 32 758 | 2630 | 1.43 | 312 | 0.65 | 700 | 429 | 431 524 445 541
31 1 5098 | 607 | 143 | 187 | 896 | 1.09 | 5710 | 0.23 | 839 | 659 | 1338 | 1278 | 1378 | 1311
14 1 9475 | 1012 0 555 | 2121 | 0.94 | 2604 | 0.37 | 936 | 605 | 753 836 771 855
37 1 4706 | 4.85 0 179 | 303 | 1.25 | 3430 008 | 970 | 708 | 1210 | 1058 | 1225 | 1069
12 1 5903 | 5.03 0 0.00 | 1652 | 1.31 | 421 | 005 | 1174 | 1174 | 1245| 1248 | 1257 | 1258
43 1 9218 | 720 | 194 | 100 | 3779| 251 | 4632 | 010 | 1280 | 1148 | 1692 | 1649 | 1713 | 1664
32 1 4193 | 3.13 3 115 | 708 | 0.71 | 340 | NA | 1340 | 980 | NA NA 1060 | 1051
15 1 1328 | 0.75 0 000 | 543 | 121 | 583 | 006 | 1760 | 1760 | 2351 | 1215 | 2533 | 1251
Numberof | o5 | 35 | 32 | 32 | 24 | 24 | 33 | 30 | 35 | 34 | 30 | 200 | 33 | 2309
values
Average [ 3060 [ 4.63 842 | 1.81 [1513] 1.36 [ 1217 013 [ 705 | 671 | 846 | 816() | 862 | 8240
Min . value 23 | 0.75 0 000 [ 42 [038] 0 0.00 6 6 23 300) 23 310H
5th perc. 46 | 134 0 000 [ 63 [070] © 0.00 [ 19 23 50 56(%) 52 700
50th perc. 1784 | 473 0 076 | 978 [ 1.23 | 941 [ 008 | 487 | 521 | 82 | 913h | 771 | 85§}
95th perc, 9524 | 880 | 3553 | 6.68 | 3752 | 243 | 3911 | 0.36 | 1850 | 1671 | 1853 | 129§ | 2013 | 1306
Max.value | 9737 [ 11.91 | 18044 | 1158 | 4911 | 3.95 | 5710 0.65 [ 2269 | 1963 | 2351 | 1649Y) | 2533 | 16640

(a) Equivalent concentration calculated foff-gases emitted by all furnaces and boilers
(b) Equivalent concentration calculated foff-gases emitted by all furnaceBoilers and CHP andstandalonegas turbines if any
(c) Equivalent concentration calcutd foroff-gases emitted by all furnaces and boile@®HP andstandalonegas turbines if anyand SRUs
(d) Equivalent concentration corresponding to the sum of (céfrghses emitted by theCC unis if any
(e) Equivalent concentration calculated for (c) and (d) but neglecting the volumetric contribution from SRUs
(f) NB: Site 1 data made available fo029 emissiondail gas of SRU treated in SNOf CHP plant
NA: data not available to the TWG
() These valueare calculated only for theTE refinery sample
Source [ TWG data collection questionnaires]
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However flue-gasesemitted by sulphur recovery units are typically highly concentrated
representingat the site levelsmall volumetric contributions which are rarely measured and
often estimated with rather significant uncertaimy an alternative which corresponds to
Columm (f) in Table3.14 - these small volumetric contributions could be negleciidee
equivalent concentration would théxe calculated with the mass contributions from the four
categories of sources mentioregabve but only divided into the volumetric contributions from

1 furnaces and boilers
1 CHPs and gas turbines
1 and FCC units

With this option data necessary for tloalculation are available for a wider sample of 32 sites
of which 10 are nonFCC sites and 2are FCC sites The site equivalent concentrations
obtained for the whole group of refineries,ame averageslightly higher tharthoseobtained in
the firstcasg due to their artificialb e n r i crélated to thé decrease of the oveflakk-gas
volume

3.1.3 Emissions to water

Waste waters consist of cooling watgrocess watesanitary sewerage water and storm water
The quantity of waste waters generated @heir characteristics depend on the process
configuration This can vary over time and can vary from one refinery site to anatepending

on refinery complexitiesvariability of feedstocksintegration with petrochemical facilities
techniquesetc

Waste waters argenerallytreated in orsite waste water treatment facilities sometimes by
external Waste Water Treatment Plants (WWaRJ then didtarged Depending on the origin

of the waste watethese can be contaminated with hydrocarbormganics metals and salts
that may have the potential to impact the receiving environmegarly all refinery processes
have steam injection to enhance the distillation or separation pracésiedeads to the
production of sour water (containing ammaqniiggdrogen sulphide and hydrocarbanSpur
water needs stripping prior to further treatmentrewseas wash watenWhen off-gases are
generated in this pretreatment step thatsauld be properly routed and treated before release
(seeSectiond.24.2.

Depending on the prevailing climatend t he | oc at |stonmdos raifwater samk e e p
also generate a significant effluent stream in refinesen ainwater comginto contact with
potentially oitpollute d s ur f ac es (-0Ofsftnisyequicegtreatraente r r un

The effect of rainwater on both the amount and the quality of the effluent water and the
problems that the water discharges to either fresh continental waters or to the sea are issues to
corsider Furthermore sanitary waste water arfitefighting water are waste watestreams

which need attention and quality control prior to deciding on treatrdiatt discharge and/or
potentialreuse

The water effluent quality parametershie considexd relevant for refining activities ansainly
the pH total suspended solids (TS®)tal organic carbon (TOQ@r COD, total nitrogen and its
various forms (organic RIH,, ammonium NH+, reduced or Kjeldahl NTKnitrite NO,, and
nitrate NQ), total phospbrus BOD, Total Petroleum Hydrocarbons (TRHyomatics (BTEX)
phenols PAH, metals temperatue. Based onthe data collected (se®ection3.1.1.2, an
average o6 6 m’is used(process waste waterooling water and sanitary waste water) per
tonne offeed This value is strongly dependem the type ofcooling systemin use on sitg
driving the level of water recycling Water from proceses account for around
0.17 1.6 m¥tonne of feed (see SectiB24).
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The resulting di scharge of t he afpopremessiboned

preventive measuregriowledge of all streamseduction at sour¢good housekeepingeuse

and the presence and techhstandards of waste water treatment facilitiese typical process

water pollutants and/or waste water parameters relevant to the overall refining process and prior
to any purification stepare as stated ihable3.15.

Table 3.15: Representative concentrations of pollutants in typical refinery effluents before
treatment
BOD .
. H.S NH3 CN
Source oil (RSH) | (NH.) Phenols ?88 (CNS) TSS

Distillation Units XX XX XX X XX - XX
Hydrotreatment XX XX(X) | XX(X) - X(X) - -
Visbreaker XX XX XX XX XX X X
Catalytic Cracking | XX XXX XXX XX XX X X
Hydrocracking XX XXX XXX - X - -
Lube oil XX X X - XX - -
Spent caustic XX XX - XXX XXX X X
Ballast water X - - X X X X
Utilities (Rain) - (X) - - - X - -
Sanitary/Domestic - - X - X - XX
Key. X = <50 mgl/l XX =507 500 mg/l XXX =>500 mg/l
Source[ 166, CONCAWE 1999 ]

Table3.16 summarses the annual averagenge of the water effluents from European
refineries Most dataweregathered in 2009 2010 by the Technical Working Group set up for
the revision of tls documentand relate to a sample of 44 sjtel$ equipped with a dedicated
WWTP. These data reflecn annual period of continuous emisssdmetweenthe years 2006
and2008

The details on the variousreatmentstefs in operation atthe refinery sitesare shown in
Section4.24

More detailed data onmhe main parameters used for characterising organic and nitrogen
compounds are shown Trable3.17 andTable3.18. The actuhrange and distribution shape of
annual average concentrations and their eventual correlation with related specific emissions are
displayed inFigure3.20 to Figure3.25, respectively for parameters TOCOD, BODs, TSS

and Total NitrogenThese particular figures only concern data relating to refineries where
agueous effluents are treated in a single dedicated waste water treatment plant

The amount of oil discharged isunlly expressed in grams @btal Hydrocarbon Content
(THC) per tonne of refinery throughpufccording to CONCAWE nearly 90% of the
European refineriemeet the standard of the Oslo/Paris Commission of 3 grams THC/tonne of
refinery throughpusince theearly 1990s
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Table 3.16: Typical refinery influent/effluent annual average composition and load
Composition after Annual
pretreatment by effluent composition
Parameter API, CPl and SWS downstream WWTP Specific load
Average | Max. Min.i Max. (g/t feedstock) NZO
pH (pH unit) 7 10 619 0
Temperature (°C) 25 45 107 35
5thi 95th 50th 5thi 95th 50th
Percentile Percentile Percentile Percentile

TOC 100 250 47 50 14 171 15 55 22
COD 30071 500 1000 197 125 66 971 85 27.2 38
BODs 807 150 300 27 30 10 0.57 25 4.4 31
HoI (%) 4071 50 100 0.057 6.3 15 0.17 3 0.4 15
HOI (%) NA NA 031 5 12 0.03-10 0.6 11
TSS 207 60 200 47 35 15 17 30 6.3 37
AOX (Y NA NA 07 6 0.2 07 0.5 0.06 14
AmmoniumN 127 15 30 0.371 15 2.7 0.17 10 12 19
Nitrites-N NA NA 0.037 1.5 0.2 0.0571 0.7 0.1 13
NitratesN NA NA 0471 12 17 0.27 3 14 15
Kjeldahl nitrogen 25 50 271 20 54 17 6 2.3 13
Total Nitrogen 25 50 31 22 8 171 20 4 38
Phosphate 5 20 0.17 1.5 0.3 0.05-1 0.13 7
Total Phosphorus NA NA 0.057 4 0.6 0.057 2 0.3 26
Anionic agents NA NA 0.271 0.3 0.25 0.17 0.2 0.15 2
Cyanide ) 01 3 5 0.0037 0.1 0.015 0.0017 0.03 0.004 16
Sulphide 5 10 0.0057 0.2 0.05 0.0027 0.25 0.025 16
Phenols 12 25 0.017 0.4 0.1 0.00171 0.3 0.02 29

_ | MTBE () 07 3 15 0.0037 0.1 0.02 0.0017 0.03 0.005 3

E’ Fluoride ) 07 30 60 0271 3 0.8 0371 2 0.6 7

.S | Benzene NA 10 <0.0017 0.1 0.001 <0.0017 0.05 0.002 10

é Toluene NA NA <0.0017 0.6 0.003 <0.0017 0.1 0.004 10

g Ethybenzene NA NA <0.0017 0.005 0.001 <0.0017 0.007 0.004 9

§ Xylenes NA NA <0.0017 0.2 0.001 <0.0017 0.15 0.004 7

Lg) BTEX 5 10 <0.0017 1 0.005 <0.0017 0.2 0.01 10
PAH-16 0.1 0.5 <0.00017 0.01 0.0007 <0.00017 0.005 0.0003 11
ArsenicAs NA NA <0.0017 0.02 0.003 <0.0017 0.02 0.0007 21
BoronB NA NA 0.27 0.6 0.4 NA NA 4
CadmiumCd NA NA <0.0017 0.05 0.001 <0.00017 0.005 0.001 18
ChromiumCr NA 100 <0.0017 0.05 0.003 <0.00017 0.005 0.001 23
Chromium VI NA NA <0.00171 0.02 0.002 <0.00017 0.002 0.001 7
CobaltCo NA NA <0.0017 0.003 0.001 NA NA 3
CopperCu NA NA 0.017 0.1 0.05 <0.0017 0.03 0.002 27
Iron-Fe NA NA 0.157 3 0.4 0.017 0.6 0.15 14
Mercury-Hg NA NA <0.00017 0.003 0.0002 <0.00017 0.002 0.0001 21
ManganeséMn NA NA 0.027 0.5 0.08 0.0017 1.8 0.04 9
MolybdenumMo NA NA 0.0047 0.02 0.01 NA NA 4
Nickel-N NA NA 0.0027 0.1 0.01 <0.0017 0.03 0.006 22
LeadPb NA 10 <0.00017 0.01 0.001 <0.00017 0.02 0.005 25
SeleniumSe NA NA 0.0037 0.08 0.04 NA NA 5
StainSn NA NA <0.00171 0.02 0.01 <0.000571 0.005 0.004 6
VanadiumV NA NA 0.0057 0.1 0.02 <0.0017 0.01 0.003 10
Zinc-Zn NA NA 0.0057 0.12 0.03 <0.0017 0.1 0.015 29
Heavy metals? 1 2 0.057 1.0 0.2 0.027 2 0.1 -

() Dependent on whether or not relevant units are part of the refinery

(® Number of available site yearly concentration values provided to the. TWG

(®) Hydrocarbon Oil Index masured according to method EBF%-1.

(%) Hydrocarbon Oil Index masured according to method E8F3-2:2000(GC-FID).

(® Sum of individual percentile data for the following metéld, Cr, Cu, Hg, Mn, Ni, Ph, Se Sn; V, Zn.

(-) Not appropriate

Source [TWG data collection questionnagle
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Table 3.17: Emissions of main organic pollutants and suspended solids from a sample of 48
European sites
° E 5 Sq o
S | 55|38 S g S 2
= o2 ) = i) O [
n [ [a)
kt yes=1| mg/l g/t kglyr mg/l | git kglyr mg/l g/t kglyr raw | final kglyr
38 8183 0 500 | 54 | 44000 | 60 | 65 | 53000 | 170 | 183 | 150000 490 | 43000
1 9096 0 10 | 74 | 67000 | 5 | 39 | 35510 28 | 203 | 184920
6 12400 0 215 | 266897
26 10193 0 14 | 78 | 79967 | 115 | 543 | 553019 | 71 | 628 | 350232
58 11430 0 6.9 | 78937 613 | 700976 157515
30 10490 0 102 | 169 | 176843 | 374 | 617 | 647501 728 | 125970
27 19151 0 15 115 200 | 25.0
31 12087 0 292 | 106 | 128406 127 | 769 | 377678
48 6900 0 946 | 652522
51 4400 0 1384 | 608808
35 3624 1 204 | 1.3 4630 8 | 05 1774 74 4.6 16771 142 | 3211
56 6276 1 206 | 24 | 14919 | 4 | 04 2818 55 6.3 39701 | 56 | 86 6235
11 9350 1 13 | 2.2 | 20983 9.1 84684 73 | 11571
39 10098 1 9.0 | 25 | 25600 | 3 | 09 9000 33 9.3 94000 9 | 90 | 25600
40 5668 1 117 | 30 | 16900 | 8 | 21 | 11700 42 | 106 | 60000 | 24 | 4.2 6000
41 3942 1 43 | 16900 114 | 44900 10800
4 4900 1 2 | 07 3524 37 | 115 | 56397 6.5 9770
19 3359 1 31 | 44 | 14782 82 | 119 | 39936
17 728 1 24 | 30 2184 112 | 139 | 10115 297 | 2679
47 11871 1 40 | 1.0 | 11857 65 | 148 | 175364 | 72 | 170 | 45043
15 4858 1 180 | 41 | 19959 | 10 | 2.2 | 10881 88 | 165 | 80365 | 25 | 200 | 20395
42 10916 1 220 | 56 | 61139 66 | 17.1 | 186463 | 36 | 100 | 29352
59 3513 1 927 | 15 5331 | 9588 | 186 | 65333 226 | 13007
12 6412 1 128 | 55 | 35100 | 5 | 21 | 13329 44 | 188 | 120274 7.9 | 21569
50 4620 1 125 | 54 | 25162 | 27 | 116 | 53508 45 | 197 | 91085 17.2 | 34557
52 4990 1 181 | 7.6 | 38000 53 | 224 | 112000 4.8 | 10000
34 10462 1 1.3 | 05 5293 233 | 243508
28 14251 1 55 | 262 | 372765 | 100 | 6.4 | 43509
9 5727 1 2 | 32| 18300 21 | 267 | 152838 85 | 61319
16 7153 1 152 | 56 | 40020 | 8 | 29 | 21031 73 | 276 | 197587 120 | 32967
46 9712 1 120 | 37 | 36397 98 | 295 | 286800 130 | 37792
36 5622 1 13 | 68 | 38002 59 | 314 | 176436 135 | 40716
7 3268 1 4 | 179 | 58390 8 314 | 102758 6.3 | 86301
10 8852 1 24 | 55 | 48444 | 136 | 317 | 280318 | 80 | 320 | 67095
22 8635 1 100 | 82 | 70985 | 18 | 142 | 122237 | 41 | 330 | 284850 199 | 138938
32 5886 1 | 468 | 149 | 87834 111 | 354 | 208325 | 178 | 224 | 42040
25 3613 1 48 | 359 | 129597 218 | 59375
57 5778 1 8 | 56 | 32318 53 | 363 | 209729 235 | 92272
37 7293 1 109 | 389 | 283706
5 2772 1 6 | 35 9800 90 | 498 | 138000 148 | 22700
49 15000 1 32 | 107 | 160810 | 149 | 499 | 748772 190 | 95481
13 5303 1 13 | 83 | 43989 76 | 501 | 265582 163 | 57490
18 8272 1 13 | 153 | 126700 | 47 | 557 | 460640
14 16552 1 14 | 91 | 151450 | 95 | 562 | 930051 107 | 104707
29 3817 1 107 | 69 | 26213 | 20 | 130 | 49733 | 121 | 773 | 295211 222 | 54387
8 953 1 25 | 377 | 35939 80 | 1107 | 105561 140 | 18637
33 4610 1 655 | 186 | 85800
53 1 16.0 21000 | 10 12000 40 48000 150 | 36000
54 10794 1 203 | 7.7 | 82706 470 | 199780
60 1 8.2 18253 | 2.53 5256 | 40.23 83353 103 | 21425
61 1 15.0 157701 | 15 162733 | 97 1028 233 246
No of 48 51 24 | 23 26 34 | 32 35 41 42 45 12 | 390 41
values
5th percentile () 39 | 09 | 115288 | 24 | 08 3100 | 294 | 92 35263 | 15 | 57 5004
50th percentile () 139 | 55 | 306565 | 11.3 | 43 | 20983 | 650 | 267 | 133799 | 56 | 140 | 34557
95th percentile () 477 | 157 | 913274 | 297 | 17.2 | 157066 | 1252 | 625 | 503860 | 147 | 30.6 | 114976

(3 Only for sites with a dedicated/WTP.

Source [TWG data collectiomuestionnaires]
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Table 3.18: Emissions of nitrogen compounds from a sample of 51 European sites

g = 73 Ammonium Nitrites Nitrates Nitrogen Total nitr ogen

‘E‘j § e e (NH4 - N) (NO; - N) (NOs - N) Kjeldahl (as N)

RN e kt | ® |mg/l| g/t |kglyr|mg/l| g/t |kglyr|mg/l| git | kglyr | mg/l | g/t |kglyr | () | mg/l | g/t | kglyr
1 0 9096 0.9 10.70

6 0 |[12400 6.51 (80721
26 0 (10193 12.52|127639 9.80 |4.63|4717Q 27 17.15{174808
27 0 [19151 0.60 1.60 11.00 13.00

30 0 10490 71.00|11.71|122854
31 0 12087 7.3 |2.64 131950 16.80| 4.67 | 56400
38 0 8183 12.0|1.34 1100( 16.00[ 1.71 | 14000 24.00|2.58|21100
48 0 6900 54.93/378998
51 0 4400 21.02/92483
58 0 |11430 17.62{201442
4 1 4900 0.34| 1655 1.23| 6030
5 1 2772 1.84| 5100
7 1 3268 21| 4.50 |18.67| 61017
8 1 953 0.20] 0.34| 320|1.40| 1.95 | 1858 | 3.40 |4.56|4343 4.90 [6.84| 6521
9 1 5727 3.57 | 45826248
10 1 8852 30.00{6.99(61877

11 1 9350 0.98|9158

12 1 6412 5.40 (2.28|14590

13 1 5303 23.18|15.62| 82859
14 1 [16552 8.10 | 4.80 | 79500
15 1 4858 | 11 |6.19 0.60 7.00 13.00 21|17.00|4.11|19960
16 1 7153 0.58]0.73 |1597|3.77| 6.31 {10192 11.20(4.08 | 29215
17 1 728 4.02| 2930
18 1 8272| 7 | 0.9 |1.10|9096|0.09| 0.11 | 910|0.60| 0.71 | 5846 1.42 |1.64|13563
19 1 3359 14.8|2.28 | 7669

22 1 8635 1.7 | 1.37|11838 0.05| 0.04 | 349|2.40| 1.91 | 16536 5.40 | 4.35|37601
25 1 3613 4.2 1275|9945/ 0.08| 0.06 | 220 (0.34| 0.24 | 854

28 1 [14251] 4 | 0. |0.41|5805 0.80| 0.38 | 5438 9 | 2.20 |1.09|15541
29 1 3817 0.00 1.70 4.30 6.60 | 3.27| 12494
32 1 5886 16.8|5.36 [3153( 1890| 6.03 | 35472
33 1 4610 49.241227000
34 1 [10462 1.66 17371 2.60 | 27239| 5.20

35 1 3624 2.7 10.17| 615 2.39| 8660
36 1 5622| 15| 2.7

37 1 7293 9.80 | 3.50 | 25508
39 1 [10098| 5 | 0.5 |0.14|1400 8 | 1.60 | 0.45| 4500
40 1 5668 2.5 (0.58|3300 4.00 (1.01| 5700
41 1 3942 0.46 | 1800 400 1.24 | 4900 2.82|11100
42 1 [10916| 23| 0.4 |0.10|1037 43 {19.50| 5.04 | 55000
46 1 9712 4.2 11.25(12108

47 1 [11871 19| 5.00 | 0.98]| 11596
49 1 [15000 0.12] 0.07 {1060/ 0.49| 0.16 | 2467 |16.70|5.59|83823 18.32|5.47 | 82064
50 1 4620 2.241 3.13 |4402/5.95|111.80(12261| 5.21 |2.25|10385 13.42|5.51| 25452
52 1 4990 32| 2.7 6.00 | 2.00 | 10000
53 1 2 10.04 50 40 (1500 18000
54 1 |10794 7.5 |2.87130991 9.10 | 3.51 | 37851
56 1 6276 4.00 [0.45| 2837
57 1 5778 5.59 (32318 5.88|33955
59 1 3513 4.58(0.75|2635| 0.51 | 0.08 |2917|20.51] 3.36 |11789| 8.12 |1.33| 4666 27.96| 4.80| 16856
60 1 1.45 2995 0.12 2385(5.44 11275| 2.98 6171 8.13 16944
61 1 8.95 94475 0.88 9277 1.00 10508(13.04 6245 13.87 146349
No | 51 48 8| 22| 19| 22 | 13 8 11 | 15| 13 15 13 | 8 10 | 8| 31 | 38 41
Averagef) 7579| 12 | 4.71|1.64 (14617 0.47| 0.23 |1733/4.60| 2.37 | 17520| 9.86 |3.57|24281235/12.84| 8.19| 56152
Sthperc (°)| 2499| 2 |0.36/0.13| 587 | 0.03| 0.05 | 229 |0.43| 0.20 | 1456 | 3.19 {1.08|2112(8.24| 1.75 | 0.69 | 3872
50thperc (%) 5753 | 9 |2.70|1.10|6737|0.16| 0.10 | 400 |1.70| 1.42 | 10192| 5.40 |2.28|9158|21.2| 8.12 | 4.05 | 18000
95thperc (%) 14363| 29 |15.00( 5.40 |3542€ 1.49 | 0.74 |6840/12.40| 3.00 | 20817|20.35|6.57|7504542.1| 22.26(17.30{108255

(®: 0 = collective 1 = dedicated(®): intermediate concentration (in mg/l) after ABPI and SWS(®): only for dedicated WWTP
Source [TWG data collection gusionnaires]
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Figure 3.20: Distribution of COD emissions for a sample of 36 European refineries
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Figure 3.21 Distribution of BOD 5 emissions for a sample of 29 European refineries
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Figure 3.22 Distribution of TOC emissions for a sample of 21 European refineries
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Figure 3.23 Distribution of suspended sold emissions for a sample of 34 lopean refineries
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Figure 3.24: Distribution of annual average concentrations of nitrogea compound discharges
for a sample of 26 Eiropean refineries

—e— Total Nitrogen A Nitrites-N < Nitrates-N © Nitrogen Kjeldahl 2 Ammonium-N
7 > 7
6 > 6
5 e ir
25 vl 5
S /X/o——o/ o
@ A
E /.//o——/ o
o3 = 3
= i 4
[3) /
o °
& 2 ] i v 2
// 8 °
1 ——" Z = * 1
~—¢ ° 8o A
olL8 A a A o R 0
Figure 3.25: Distribution of specific emissions ofnitrogen compourds for a sample of 27

European refineries
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3.2  Alkylation

This section contains data on consumption and emissions generated by alkylation processes

Consumption
Table3.19 gives a summary of the utilits and chemial consumption in the two techniques
currently used in the alkylation processasd for thenewsolid-acid process

Table 3.19: Estimated utilities and chemical consumption for the various alkylation techiques
\;?Iiuy‘laastgzrrct)?jzgg dOf Sulphuric acid Hydrofluoric Solid acid

Utilities

Electricity (kWh) 8071 130 207 65 134

Fuel (MJ) Not required 10007 3000 Not required

Steam (kQ) 8151 1200 1007 1000 1028

foq‘;“T“g "(‘gerl('? 407 83 62 0.78

Industrial water (1) 0.08 Not required

Chemicals

Fresh acid (kg) 781 180 1.15 0.14

Caustic (as 1086 NaOH) (kg) 0.41 0.57 Not required

Lime NA NA Not required

NB: AICI; and wateifree CaC} consumption depend on operatingnditions (water content of feednd side
reactions;

Sources[ 175, K/Ieyers 1997,][ 168 VROM 1999 ], [ 204, Canales 2000 ]

Emissions
Emissions generated by the alkylation processes are summaricand’.20to Table3.22
[ 161, USAEPA 1995 Jasreviewed bythe TWG.

Table 3.20: Air emissions generated bylte alkylation processes
Air pollutant Sulphuric acid Hydrofluoric Solid acid
COZI SOZ! NOX
and other No furnace From column heating furnaces No furnace
pollutants from
the furnaceg)

May be released from pressure relieforage handling operations spillages and
fugitive emissions

Hydrocarbons No water discharge

May be released from water and waste discharges ;
No waste discharge

Fluoride compounds may &
Halogens NA released from pressure reliel No halogens
vent gas and spillages
Acid-soluble oil may be release
from process shutdown pon
during maintenance work
particularly the descaling of pipe
conveying hydrogen fluorideThis
may be odorous

(") Emissions from these combustion processes are addressed in an integrateSeutipn3.10.3.1
Source[ 161, USAEPA 1995]

Odours NA No odour
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Table 3.21: Waste water geneated by the alkylation processes
Water Sulphuric Hydrofluoric Solid acid
parameter
Waste water produced in the alkylation procesy havealow pH if
Waste water | the neutralisation section operatesainormal conditionssuspended
solids dissolved satls, COD, H,S, and spent acid
HC from separator drains (surge dru
accumulator dryer) and spillagesand of acidic
Hydrocarbons NA effluent containing dissolved and suspend No liquid
chlorides and fluorides from the settlement pit waste at all
the process shutdown ponds
Effluents from HF scrubber arei28 nt/h with
. . : min./max compositionsof
Acid Sulphuric acid 10007 10000 ppm F; after lime treatment
107 40 ppm E
Table 3.22: Solid wage generated by the alkylation techniques
Solid waste Sulphuric Hydrofluoric Solid acid
The flow 77 70 kg sludge per kg use
Sludge NA HF (dry solids content B 30 %) No sludge
Sludge generated in th HC from spent molecular sievesarbon
neutralisation  proces| packings and acidoluble oil
contains hydroarbons Sludge generated in theeutralisation .
X : No acidsoluble
Hydrocarbons| Dissolved process contains hydrocarbons .
S . . oil - No salts
polymerisation product{ Dissolved polymerisatio products arg
are removed from th{ removed from the acid as a thick dg
acid as a thick dark oil | oil.
Spent catalyst
Acidicatalyst | Sludge generated in th Inorganic fluorides (Na/KF) an sent_back to
4 L2 chlorides from treatmerstages supplier for Pt
products in | neutralisation  proces . L
. : 77| Sludge generated in thesutralisation| recovery after
the sludge | contains sulphuric acid ;
process contains CaF years of
operation
Halides NA Compos_ltlon of sludge is 1040 ppm No halides
F after lime treatment
Source[ 161, USAEPA 1995]
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3.3 Base oil production

This section gives the consumption and emission values that can be fotimglbhiase oil
production process identifiedt also provides addibhal informationabout the nature of
substancesused in base oil productipnn order to highlight the more environmentally
significant subprocesses

Nature of substances used

It is reported that nrefined and milty refined distillate base oils contathe highest levels of
undesirable componenthave the largest variatioof hydrocarbon moleculegand show the
highest potential carcinogenic and mutagenic activititghly and severely refined distillate
base oils are produced by removing or tramsfog undesirable componeritem the unrefined
and mildlyrefinedones In comparisonthe highlyandseverely refined distillate base oils have
a smaller range of hydrocarbon molecules and have demonstrated venpxioiy for
mammaliarspecies

3.3.1 Deasphalting

Consumption

A conventional solverbased base oil lube complex is eneiggnsive The main reason is the

high amount of heat required to evaporate the solvents and to separate them from the raffinate
and extract stream$§olvent losses are waly in the order of 26, despite extensive solvent
recovery In the tower methadfor example four to eight volumes of propane are fed to the
bottom of the tower for every volume of feed flowing down from the top of the tdwir
reported taking into account thespecific input of some crudes and the outputcaicial
specifications€.9.CCR), that there is aeed to use a higher propaneéaadf up to 9 or 11o 1.

As an examplethe figures below give the utility requirements of solvent deasphalti
absorption (SDA) un#

Table 3.23: Consumption data of deasphalting units
Utility Data corresponding to
1000 tonnes of feedstock
Fuel 1367 150 MWh
Power 1227 21 MW
Steam 16671 900 tonnes
Cooling water Nil (maximum air cooling)

Sources[ 175, Meyers 1997 ][ 204, Canales 2000 ]

Table 3.24: Emission data of deasphalting units
Emissions
Air Waste water Solid waste

The solvent recovery stage resu
in  solventcontaminated wate|
which is typically sent to th¢
waste water treatment plant

Oil components

Air emissions may arise fron
fugitive solvent emissions an
process vents

Heater stack gas

Little or no solid wastg
generated
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3.3.2 Aromatic extraction

Consumption
As an examplgthe figures belovin Table3.25 andTable3.26 give the utility requirements and
the emissions data of aromatic extractionsinit

Table 3.25: Consumption data of aromatic extraction urits

Examples of ilities consumptionper m? feedstock

Fuel absorbed 86211300 MJ
Electricity 5 kWh
Steam 8 m
Water cool°@ng 125 m°

Source[ 183, HP 1998 Jreviewed by TWG

Table 3.26: Emission data of aromatic extraction unis
Emissions
Air Waste water Solid waste

The total amount of process water is aroung
21 4 n? per tonne of produgctcontaining
around 57 25 ppm furfural 107 15 ppm
NMP.

The water stream leaving the fractionator,
likely to contain some oil and solvents

Fugitive solvent  VOC
emissions can come from tf
furfural and NMP from its
storage tanks

Flue-gasfrom fired heater

Source[ 168, VROM 1999 ]

Little or no solid
wastes
generated

3.3.3 High-pressure hydrogenation unit

As an examplethe figures below iTable3.27 provide the utility requirements data of a high
pressure hydrogenation unit

Table 3.27: Typical utility consumption of a high-pressure hydrogenation unit
Utilities, typical per kt of feedstock
Fuel 11.5 t
Electricity 26 kWh
Net steam consumpti@n 200 t
Water cool°Cng 110 m
() 50% is recovered as condensate

3.34 Solvent dewaxing

Consumption
The utility requirements in this process together with the aromatic extractiogs/anein the

table below.

Table 3.28: Typical combined utility consumption of solvent dewaxing and aromatic extraction
units
Fuel Electricity | Steam consumed| Cooling water
(MJ/t) (KWh/t) (kglt) (m%t, &T=10°C)
10007 1300 | 607 160 3007 800 107 20
Source[ 168 VROM 1999 ] [ 204, Canales 2000 ]
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Table 3.29:

Emission cata of solvent dewaxing units

Emissions

Air

Waste water

Solid waste

VOCs may arise from
solvent vapour extractio
from the wax filters ag
well as fugitive emissions
solvent VOC
emissions can come frof
the MEK/toluene

Fugitive

storage tanks

Flue-gasfrom fired heater

from

The solvent recovery stage results in solk@nitaminated
water which is typically sent to the waste water treatn
plant Potential releases into water are hydrocarb
sulphur compounds and organic compoumdmfspillages
and kaks and organic compounds from process wat
from solvent recovery operationgVaste water contain

17 3 ppm MEK/toluene

Little or no
solid wastes
generated

3.3.5

Consumption

Hydrofinishing

The utility needs for hydrofinishing usiareshown in the talel below.

Table 3.30:

Table 3.31;

Typical utility consumption of hydrofinishing units

Fuel
(MJ/)

Electricity
(KWh/t)

Steam consumed
(kglt)

Cooling water
(m3t, &T=10 °C)

30071 550

2571 40

10071 150

51 15

Source[ 168, VROM 1999 |

Emission data of hydrofinishing units

Emissions

Air

Waste water

Solid waste

systems.

Pressure relief vaks of the hydrofiner
solvent recovergystems and refrigeraf

Leakages from flangeglands and seal
on pumpscompressors and valves

Leakages from flangeglands and
seals on pumpscompressors an

valves

NA

Reference literature
[ 76, Hydrocarbon processind?011 ] [ 168, VROM 1999 ] [ 183 HP 1998 ]

[ 204, Canales 2000,] 272 US EPA 2003 ][ 274, IARC 1983 ]
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3.4 Bitumen production

Consumption

Bitumen blowing is a very low energyocessSome electricity is required for the air blower
productrun downpump andthe overhead condensing systeifthe electricity utilisation in this
process is 15 35 kWh/tonne and the steam produced in the process is 200kg/tonne For
coolingwater utilisationit is assumed that an aooler is used as a condendea direct water
quench is applied instead of scrubbingre water is normally used

Emissions

Available information has been gathdin Table3.32

Table 3.32:

Emission datafor bitumen production units

Air

Flue-gasfrom fired heater

Flue-gas from the overhead vapours incineratofhe overhead vapours from bitum
production consisting mainly of light hydrocarbomd,, O,, CO,and SQ, are incinerated
at high temperature (€8 °C) to ensure complete destruction of components suckSas
CO, complex aldehydesorganic acids PAH and phenolic which have a highly
unpleasant odoufThe flow of the oxidiser overhead is aroun®@i 0.30 Nnt air/kg
feed

The mainproblems wih bitumen production relate to hydrogen sulphide releases fro
distilled residues and sour condensates and gas produced in the blowing. process

Hydrocarbons and sulphur compounds may emanate from leakages (partitnolar]
overhead systems) and pressrelief valves and in the form of aeresohtaining liquid
droplets from the venting of tanker tégading operations

Process
waste
water

Sour water is produced in the oxidiser overhead waste watdiow is up to 5 m¥tonne
feed and it containkl,S, oil, aromatics PAH, sulphuric acidodorous oxidation product
(ketonesaldehydesfatty acids) and particulates

Other potential releases into water are of hydrocarbons and sulphur compound
spillages and leakages

Solid waste

Slop oil emusions are formed in the oxidiser overhead sloplbdonsists of an emulsio
of light oil, water and particulates
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3.5 Catalytic cracking
3.5.1 Consumption

The next table shows the energy and processriabt usage in theatalytic crackes:.

Table 3.33: Typical utility consumption of catalytic crackers

Utility FCC RCC
Fuel (MJ/t) 1207 2000 1207 2000
Electricity (kWht) 81 50 271 60
Steam consumed (kg/t) 307 90 507 300
Steam produced (kg/t) 4071 60 10071 170
Cooling water (rift, & T = 1CJ 57 20 107 20
Catalyst makeaup (kg/t) 047 25 21 4
Sources [ 204, Canales 2000,][ 183 HP 1998 ] [ 168 VROM 1999 ]

[ 175, Meyers 1997 ][ 207, TWG 2001 ]

Virtually all the heat required in a FCC or a RCC unit is generated in the regenerator

The catalystsconsumed and releasdd air as emissions depenon the tyg of product
processedand can be silicalumina substrate carrying rare earth and/or precious metals
more typically consist of rarearth exchanged zeolites on alumina matrices and.clays

352 Emissions
3521 Air emissions

Within a refining complexone ofthe sources with major potential for atmospheric emissions is
the catalytic cracking unifAir emissionsariseprincipally from the regenerator and are mainly
CO, CO,, NOy, particulates (mainly catalyst fines including their constitutive heavy metals) and
SO.. The emissions from catalytic crackers are very varjatgitecting the variation of the
feedstocks usethitrogen sulphur metal contents)and the regenerator and waste heat boiler
operating conditions

Emissions from a FCC unit can increase adime as the quality of air catalyst mixing in the
regenerator deteriorates as a result of weéar example internal mechanical damagsr
equipment wear/erosiogould occur towards the endf run of the unit and this could
significantly increase all ungmissionof CO, NOy, SO and PM

As already shown in SectioB.1.2 emissions from a FCC unit can be 1180 % of total
refinery SQ emissions (sekigure3.13), 1517 25% for NOy (seeTable3.4) and3071 40% for
particulatesHowever these figures can be subject to wider variafid63, FWE 1999 ] The
next table shows a summary of the emission factors and emissions from FCCs
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Table 3.34: Emission data and factors found incatalytic crackers (with and without abatement
techniques)
o SOy NOx
Emissions PM (as SQ) Cco HC (as NOy) Aldehydes | NHj3;
Emission
factors (kg/m [ 0.0097 0.976 | 0.197 1.50 | 0.087 39.2 | 0.630 | 0.107i 0.416 0.054 0.155
of fresh feed)
Emission datal
(mg/NnT at 157 1600 3207 2500 | 1357 66000 NA 18071 700 NA NA
3% O,)
NB: Valuesattainable in continuous operatidEmissions values as half hourly mean values
Lower levels in the range acatalytic crackes with abatement techniques
Sources[ 172 MRI 1997 ], [ 221, Italy 2000 ] [ 204, Canales 2000,][ 167, VDI 2000 ], [ 194, Winter 2000 ]
[ 208, Confuorto 2000 Updaed TWG 2010

There is a growing trenith the EUtowards processing more residual feedstock in FCC units in
response to increasing demand for road transport fuels and a decreasing demand for residual
fuels Residual feedstock bringehigher content of da@ precursorssulphut nitrogen Ni and V
metals and aromaticsThe increasedsulphur load has proportionandrelated effects othe S
content in the coke and thus on Sfnissionsif abatement provisions as a consequence of the
change are not mad€he increaseditrogen loadobotentiallyleads to the increased production
of NOx precursor compounds NHind HCN which may or may not lead to increased actual
NOx emissionsdepending on thECCunit regenerator operations

Potential consequences of thigh metals content include

| a substantial increase in catalyst consumption and potentially higher regenerator PM
losses due to increased catalyst attrjtion

1 the formation of FeS (from the increased feed Fe content) over the equilibrium catalyst
which is then oxidised to Sand SQ in the regeneratothus increasinghe flue-gas
SO content

1 anincrease of N@ emissionsdue tothe required antimony additions used to passivate
nickel to reduce the production of hydrogen

Residue catalytic crackers @&) mainly use atmospheric residue as feedstblgnce the
Conradson carbonsulphur content and nitrogen content are higHidrerefore¢ RCCs are
potentially a stronger source of gNOx, PM and contaminated catalyst than normal ECC
However asa consegence of the type of feedstock used in the RBE RCC produces more
coke and hence more heat should be removed from the regenerators

Because theatalytic crackeis a significant emitter of pollution in a refinemhere follows a
more detailed anadjs by type of pollutant

Carbon dioxide
Carbon dioxide is generated in the catalyst regeneration train and its load depends on the size

Table 3.35: Range and examples of emissions of G&rom catalytic crackers
Throughput % S Flue-gasflow CO, emission load Specific CO,

(kt/yr) infeed | (Nm*¥hat3% O,) (thyr) emission (kg/t)
1314 <0.5 110000 272243 207
2350 0.35 200000 498006 212

Range of emissions 1300007 600000 1607 2200)

0 High Conradson carbofeed can lead tmcreasingCO, emissions

Sources[ 194, Winter 2000 ][ 172 MRI 1997 ]Jreviewed by TWG
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Carbon monoxide

Relatively high concentrations of carbon monoxide (CO) can be produced during the
regeneration of the catalysCO is typically converted to carbon dioxide either in the
regeneratoffull combustion mode) or fther downstream in a carbon monoxide boiler (partial
combustion mode)

In thefull combustion modencomplete combustionanlead to releases of carbon monoxide
CO from units operating in full combustion modeanges typically between 50 and
1 200mg/Nm? (depending on temperaty @O promoter levelsize of unit)

In the partial combustion moddepending on the conditions under which the regenerator is
operatingthe levels of CO in the regenerator exhaust gases feeding the CO boiler may be in the
region of 5% to 10%, and levels of CO in the exhaust from the CO boiler can be maintained
less than 100 mg/Nindepending on the type of CO boiler ugelds6, MCG 1991 ]

Table 3.36: Examples of CO fromcatalytic crackers
Throughput % S Flue-gasflow CO concentration |CO emission | Specific CO
(kt/yr) in feed |(Nm%h at 3% O,) (mg/Nm®) load (tlyr) |emission (kg/t)
1314 0.5 110000 2157 814 558 0.43
2350 0.5 200000 125 194 0.08
NB: Data are related to yearly averagés O,, dry conditions
Source[ 194, Winter 2000 ]

CO boilers are sually uséd only in connection witfFCCsoperating in partial combustion mode
with CO concentrations in thitue-gasfrom 5% to 10%. They are not used to further reduce
COemissions from units operating in full combustion mode

Nitrogen oxides

The wide range ilNOyx emissions (levels) fromatalytic crackeregenerators (gases) reflects
the main effects of different combustion conditiomd=CC regenerators or FATO boiles, the
spread in unit capacities and the coke (feed) nitrogen contdmdse depend on credype and
upstream process configuratioNOyx emissionsare generated in different ways for the two
combustion modes

In the full combustiormode key parameters potentially affecting tREC unit NOx emissions
are

1 uneven regenerator catalyst bed temagure and oxygen profiles and distribution
1 use of a CO combustion promoter containing platifjcomtributes to NOy increase);
1 antimony additionsoften used for higimetal feed applications

In the partial combustionmode key parameters potentiallyffacting the FCC unit NOy
emissions ar€Source [ 24, Bruhin et al2003 )):

1 The formation of NQ precursor compounds (HCN and jHrom the coke nitrogen
depending upon the C@ontent Operating conditionsvith higher excess CO usually
favour the formation of these precursors which react to formm &@ N in the CO boiler
downstream of the regerator

1 Thermal NQ generated in the CO boiler and fuel N@rmed depending upothe
nitrogen content of the supplemental fube amount and type of fy¢he burners design
and the operating conditions in the GaQler.

The final stack NQ emissions for a partiddurn regenerator may be similar, tw even higher
than an equivalat full combustionregeneratorit is typically higher than &ll combustionunit
operating at low excess,@<2 %). Figure3.26 displays NQ yearly average concentrations
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achieved in 2007 2008 for a sample a2l European FCC unit®Vhen availablesummary
information is also given on N@reducing techniques that were implemenatdhese plants
(values are expressed in mg/flary at 3% O,). Lower emission values can be found wiies
highest NQ reduction addives rates are appliedr when dedicated eraf-pipe treatment
techniques are implemented
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gogd | 1) Full=Fullben  Padial = Parfial burn L =
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Figure 3.26: NOy yearly average concentration from a sample of 21 European FCC units

Additional data receied for 2009 for a feed hydrotreated (F1) FFC full combustion unit show a
yearlyaverage of.16 mg/Nni (Source TWG Austria Emission declaration for 2009)

According tothe CONCAWE 4/09 reportfrom a nine FCC unitataset eight show NQ
emissions uner 500mg/NnT and one shows up to 8&g/Nnt. In the latter casethe unit was
using supplementary fuel and firing heavy residue in théit@r.

Particulates

Generally aFCC unit is the biggest single emitter of particulatathough the calciner in a
coking unit is also a significant emittéParticulate matter arises from catalyst fines from the
catalyst regeneration exhaust gases and catalyst handling and diSpesainitted catalyst is
fine and is produced in eatalytic crackegs a result of # constant movement of the catalyst
grains In the absence of moisture or sulphuric acid condensdtiennormal cause of stack
plume opacity is the presence of the fine catalyst particiggactice operating conditions may
have a large effect on patlate emissionsTable3.37 gives three examples ofagiculate
emissions fromcatalytic crackes. Lower values in the provided range correspond to FCC
equipped with abatement techniques

Table 3.37: Examples of particulate emissions frontatalytic crackers
Throughput Flow % Sin | Concentration | PM load | Specific emission§)
(ktlyr) (Nm*hat3% O,) | feed (mg/Nm®) (tlyr) (kgh)
1314 110000 0.5 17 116 0.009
2350 200000 0.5 50 44.5 0.033
1750 NA NA 47 338 0.019
Ranges and averages in a sample of 20 [2571 189] [1371 340] [0.0157 0.100]
European FCC Avg: 69 Avg: 88 Avg: 0.040
0 Range and average estimated from FCC capacity
Sources[ 194, Winter 2000 ][ 172 MRI 1997 } [ 207, TWG 2001 ][ 77, REF TWG2010 ]
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Figure3.27 displays the PM yearly average concentrations achieved in 2008 for a
sample 620 European FCC unit§Vhere availablesummary information is also given on PM
reducing tehniques that were implementedtaese plantsValues are expressed in mg/Rim
dry at 3% O,. Lower emission values are nacessarilyinked with the combustiomode but
are often related with the most advanced ESP or filtering techniques reported
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Figure 3.27: PM yearly average conceration from a sample of 2 European FCC units

Additional data received for 2009 fothgdrotreatedeed (F1) FFC full combustion unit show a
yearly average a5 mg/Nni (Source TWG Austria Emission declaration for 2009)

Table 3.38: Example of composition of particulate matter generated bycatalytic crackers
when feedstock is hydrotreated
Parameter Actual value Dimension

Total particulate 23 mg/NnT

Mass flow 2.0 kg/h

Total metal <01 %

content

Nickel 0.05 % Ni/PM
0.012 mg/Nnt

vanadium 0.02 % V/IPM
0.005 mg/Nn?

Platinum <0.004 % Pt/PM
<0.001 mg/Nn?

Source[ 194, Winter 2000 ]

Particulates emitted by theatalytic cracker regenerator consist predominantly of catalyst
particles with a typical size of 10 um mmum. The particle size distribution shows thay
weight, almost 90% aresmaller than 10 pmmMuch of this dust consisof silica/aluminanickel
and vanadim (as well as other metals) present in the feedsiio& deposited coke (including
metals) on the catalyst ranges between approximat@&yadd 5% w/w. Metal compounds are
enriched in the heavy residues during distillatiamd are therefore present ihet FCC
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feedstocklIf hydrotreated heavy residues are used as FCC lieadty metal concentrations will
be smaller

Sulphur oxides

The sulphur in the feed to tloatalytic crackers split between liquid product streamd,S in

the gaseous products and ;S€nissiors from the regeneratpmwith the approximate ratio of
50/45/5 In the case ofa RCC, the SQ emissiors from the regenerator can reach 280 % of
sulphur in the feedThe degree of sulphur dioxide leaving the exhaust gases from the catalytic
cracker depends on the sulphur content of the feedstock aseukll as the technology used to
control these emissionSO; aerosols will also contribute to tleatalytic crackestack plume
opacity.

Figure3.28 displays SQ@yearly average concentrations achieved in 202008 for a sample of
24 European FCC unitdVhen availablesummary information is also given on gf@ducing
techniqies that were implemented #itese plants (values are expressed in md/Nrg &
3% 0,).

It can be noted that lower emission values are not particularly correlated with the sulphur input
in the refinery overall feedstocknor with the FCC combustion modeHowever best
performances are linked tthe highest hydrotreatment ratesraditly applied to the FCC
feedstockand dedicated eraf-pipe treatment techniques that are implemented

SO,: FCC emissions
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Figure 3.28 SO, yearly average concentratiors from a sample ofEuropean FCC units

Additional data received for a feed hydrotreated (F1) FFC full combustion unit show a yearly
average 082 mg/Nnt (Source TWG Austria Emission declaration for 2009)

Other compounds

Hydrogen sulplle, mercaptans and ammonia may arise from sour waters from reflux
condensersHydrocarbons (typically 890 alkanes and typically 1% olefins) may be released
from pressure reliefstorage and handling operatiospillages and water dischargdteasured
dioxin and PAHemission values in two European F&Eereportedoelow,
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Table 3.39: Examples of emission measurements in 2008 of other compounds from two
catalytic crackers
. Total Dioxins PAH (16 Flue-gasflow/
Installation tAe?:itr?imSgé ch(ra][;ttilgrr:sal dust ng EPA) measurement
q mg/Nm® | TEQ/Nm?® ug/Nm?* conditions
ESP, SCR and | full combustion 3
#1 SO-reducing without CO 147 23 0.002 0.461 0.6 23QQOONm fh
. . 261 2.7%0,
catalystadditive boiler
full combustion
#2 ESP without CO | 411 46 |0.0027 0.0 | 0417 0.73 | 220000 Nrif/h
boiler 1471 1.7%0,
Average value of three spot measurements under normal operating con8itioree [ 77, REF TWG 2010 ]

3.5.2.2 Waste water emissions

The typical flow of waste water generated by a catalytic cracking process is aroiind 60
90 litres of waste water per tonne of feedstock treaBsherated waste water is typically from
sour watedrains and spillages from the fractionator containing some hydrocattighdevels

of oil, COD, suspended soligdsulphur compounds @3), phenols cyanides an@émmonia The

next table showan example ofoads and composition of waste wageneratedn thecatalytic
crackes.

Table 3.40: Waste water emissions generated bgatalytic crackers
Source of waste water Parameter Value Units
Steam used to purge and Metal impurities fronthe feed oil NA ppm
regenerate catalysts
Percentage of feed intake 7110 % viv
Flow 207 40 m¥h
H,S 107 200 ppm
Fractionator overhead reflux HCN >1 ppm
drum COD 5007 2000 ppm
N-K] 157 50 ppm
Phenols 57 30 ppm
Free oll 5071 100 ppm
Flow 128
Caustic washing of hydrocarbor] Phenolic caustic NA m*h
Cresylic acids NA

3.5.2.3 Solid wastes

There are ptential releases into larftbm catalyst in the form of fines from particulate matter
arrestment equipment and intermittent spent catalyst dischdigese solid residues are
enriched in the heavy cycle oil and clarified oil (distillate €C unit) fractions Catalyst
addition rates for operation depend on feed metal lefdidition rates shown are typical values
covering a feed metal range of 1@0 ppm Ni+V+Na

Table 3.41: Solid wastes generated in theatalytic cracking
Source Flow Composition min./max.

Replacement of olg Spent atalyst Grey, solid
catalyst powder casisting of A}pO;,
during turnaround Regenerator 50 tonnes/4 yr SiO,, carbon refractory materia
maintenance and metals

Catalvst fines Regenerator Dust containing high levels @

y overhead cyclone/ESP V, Ni, Sb
Tank sludae slurr Depends on slurry 107 30% oil, depending on
9 y filtration system | draining for claning PAH
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3.6  Catalytic reforming

Consumption
Table3.42 shows a summary of the utilities and catalyst requirements for catalytic reforming

Table 3.42: Examples d utilities requirements for catalytic reforming
Utilities Reforming Semiregenerative Conti_nuous
process regeneration process
Electricity, kWh - 246() 6142()
Specific consumption (kWh/t) 257 50 55 -
Fuel fired GJ - 185() 232()
Specific fuel consumption (MJ/t)| 140071 2900 71.5 t/kt
frﬁs‘;t"r;%"ite{a) 17 3 0.12i 3 55
High-pressure steam 507 90 647 90 97
generatedkg/t
Boiler feed waterkg/t 170 22
Condensate returith 88 113
Specific value (t/kt) 20 -
Catalyst(contining Pt) t/(Mt/yr) 1.35
() Values related to a capacity 0831 t/d Specific values related to capacity values
NB: First column gives ranges for all types of reformers
Sources[ 168 VROM 1999 ] [ 175 Meyers 1997 ][ 204, Canales 2000 ]

Emissions

Emissions t@ir

Air emissions from catalytic reforming arise from the process heaterfugsve emissions
(hydrocarbondrom pressure relief valves and leakggasd regeneratiorHydrocarbons and
dust releases may arise from venting dugatplystreplacement mcedures and during clean
out operations

In the reforming processvery little of the naphtha feed is converted to coke requiring
regenerationin the regeneration process of the catalyst in a contincatadyst regeneration
(CCR)reforming unit catalst fines arewithdrawn the coke(0.0571 0.5 kg coke/tonne feed) is
burnt off with hot nitrogen dilutedwith air. Trace quantities of a promotéhlorine precursor)
normally an organic form of chlorine (such as @i perchloroethylene) are aed to etainthe
catalyst activityMoisture is removed and the regenerated catalyst is returned to the reformer

The offgas from catalyst regeneration varies with the reforming technology employed and the
routing of the offgas While the offgas stream frona CCR is continuoygshe regeneration
emissions from cyclic or semegenerative reforming processes are discontinudire
regeneration vent gas caontain airwith diluted oxygencontent steam CO,, traces ofHCI,

Cl,, CO «10mg/Nnt [ 167, VDI 2000 ]), SO,, hydrocarbonsandlow levels ofdioxins and
furans Depending on the technology and the system de#ignregeneration vent gas may be
routed over an adsorption hedrough a caustic scrubbesr combined with a basic water wash
system Air emissions of trace components vary significantly depending on the unit
configuration

In addition catalyst regeneration can be performed in a wet burningdoapa dry burning
loop. Applying the egenerator followinghe wet burning loop leads to a high water content in
the regeneration gak addition this burning gas stays hot in the lodme dry burning loop
process is different as the regeneration gas is quenched and engistemoved to get a dry
gas These differenceof technology lead to different pollutants emissions (like dioxins and
furans)
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Table 3.43: Data reported on dioxins emissioafrom catalytic reforming unit s
Abatement Operational Concentration Specm.c @oxms
Sources techniques conditions ng TEQ/Nm3 emission
ng TEQ/tonne
0.196 ng/t
US EPA (semiregenerative
Study 1172 nglt
(CCR)
<0.1i 0.13
Measurements .
in 4 Belgian 331 6.7
refineries <0.01
<0.01
a CCR with
Measurements E:]eagserr:eec?;:%g a NA a Total load:
. Y 99% 0.045g TEQl/yr
in 2 Swedish loop
- . . abatement b. NA
refineries b. Discontinuous
. b. NA
with wet
scrubber
NA: these data have not been made available to the TWG.
Source[ 77, REF TWG 2010 ]

The differences in unit configuration and regeneration vent gas rdudve not alway®een

taken into accountin some designghe regenerator gasan betreated in a wateor caustic
scrubber to remove duysthlorine compounds and $@rior to release téhe atmosphereThe
storage and handling of organic chlorides used during the regeneration may also lead to
releases The organic chloride compounds uskx catalyst regeneration are thermally and
catalytically converted to HCI or €in the regeneration process

Waste water

In the reforming unit with a design that generatevaste watefwater or caustic scrubbeyshe
amount of waste water generaisdaround I 3 litres per tonne of feedstackhe waste water
contains higHevel oils suspended solid€COD and relatively lowevels of HS (sulphides)
chloride ammonia and mercaptanshesecompounds may also be found in teibilising
tower usedd remove light ends from the reactor effluedydrocarbons from spillages and
leaks may occurA study shows thain the case ofreleasedvater, the untreated waste water
and spent caustics from the reformeasicontain a wide range ¢]{CDD/PCDF concerrations
of 0.1 pg FTEQue/! to 57.2ng FTEQu/I. [ 227, USAEPA 2000 ]

Solid wastes generated

Most reformers do not generate@ntinuous solid waste strea@CR generate a st quantity

of catalyst fines that are collected awht for platinum reclamatio€CR unit catalyst fines are
typically less than 1onneper yearfor a 17 million tonnes per year reformeiOn average
catalyst lifeis around 10 year®©ther potentiatliscontinuous solid wastes might include spent
promoted alumina adsorbents used as chloride dguand spent molecular sieve eiry
adsorbentsSome solid wastes may also be generated during the equipment maintenance
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3.7 Coking processes

Consumption

Delayed coking

Table3.44 shows the energy and process materials usage in the delayed jpaéags The
amount of required makeap water for the coking process depends on the evaporation losses and
the bleed to the dalter Treated effluent can be used for thifie water used for coke cutting
during decoking of the drunt®ntains(un)saturated hydrocarbons and coke particles

Table 3.44: Utility requirements of a delayed coking process
Fuel Electricity Steam consumed | Steam produced Cooling water
(MJh) (KWht) (kg (kg/t) (m3t, &r=17 °C)
80071 1200 207 30 507 60 5071 125 61 10

NB: Electricity including the electric motor drives for the hydraulic decoking pump
(Y Taking into account the ensemble (including the gasentration integrated unigill lead to a
steam consuption around three times the production

Flexicoking

Table3.45 shows the energy and process materials usage in flexicoking

Table 3.45: Utility requirements in the flexicoking process
Electricity Steam consumed Steam produced Cooling water
(kwh't) (kglt) (kglt) (m%t, aT=10 °C)
607 140 30071 500 (MP) 5007 600 (HP) 2071 40
Calciner

The calciner specific energy consumptamd productiorfigures are given per tonne of calcined

coke produceth Table3.46.

Table 3.46: Typical utility requirements in the calcinating unit (updated TWG 2010)
Electricity Refinery fuel gas Steam produced Steam consumed
(KWht) (kg/t) (kg/t)
132 0.03 2.2t/h (115 barg) 2.4
Emissions

The mostimportant emissions (and alshealth and safety aspect of these procgssethe
handling of the coke fines

Emissions to the air

Air emissions from coking operations include the process heategdliemissions and fugitive
emissions In addition the removal of coke from the drum (delayed coking) can release
particulate and any remaining hydrocarbons to the atmospheeemain pollutants generated
as well aghe sourcesare described belaw

| Hydrogen sulphide and sulphur compounds as mercaptanbenajeased from the sour
water stream from reflux condensers

T Hydrocarbons may be released from pressure reliefs on reflux drums and, vpssaih
tower emissions storage and handling operatipnspillages and waste and water
discharges
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1 Particulatematter may be released from the kiln gas cleaning systenmotary coker gas
cleaning systemcoke handling and storag®ading operations and from the caloip
processThe back pressures of the gas discharges from the kiln are critical to mdiatain t
flame front in the kilnThis could mean the cyclone operating conditions are dictated by
the requirement of the kiln rather than the optimum conditions for dust rentxexall
particulate emissions of 10460 mg/Nni areachieved 156, MCG 1991 ][ 195, Krause
2000 ] storage crushing and handling of green coke take place in the wet state avith n
releases to aifypical size distribution profiles for particulate matter in calciner exhaust
gases after passing through a cyclone systengiven inTable3.47.

Table 3.47: Typical size distribution profiles for PM emitted from calciner cyclone systems
99 % w/w below 100 microns
98 % w/w below 45 microns
90 % w/w below 8 microns
60 % w/w below 5 microns
20 % w/w below 2.5 microns
10 % w/w below 1.5 microns

Waste water

Waste water is generated from the coke remawvater bleed from coke handlingour water

from fractionator overheadcooling operations and from the steam injection and should be
treated The amount of waste water generated indbking processes is arouddo litres per
tonne of feedstockt containsH,S, NH; suspended solids (coke fines with high metal contents)
COD, high pH particulate matterhydrocarbonssulphur compoundsyanides and phenols
Detailed analysis of the ntaminants of such waste waters is not available because they are
transferred directly to the refinery main waste water system for treatment

Solid wastes

Solid wastes generated in the coking processes are coke dust (carbon particles and
hydrocarbons) ah hot oil blowdown sludges containing hydrocarbofigble3.48 shows a

typical analysis ofhesesludges

Table 3.48: Typical chemical characterisation of the sludg generated in the coker
. Concentration . Concentration
Species Species

(ppm) (ppm)
Solids 91.4% Selenium 53
Qil 8.6 % Antimony 40
Carbon 285 % Nitrate 35.8
Hydrogen 3.5% Naphthalene 324
Nitrogen 0.3% Vanadium 32
Iron 80537 Phenan 20.1
Sulphur 27462 Phenol 112
Calcium 8166 Arsenic 10.5
Aluminium 3098 Toluene 7.8
Magnesium 2237 Fluorine 6.7
Sulphide 6130 Pyrene 6
Sodium 459 Benzo(A)Pyrene 5.6
Lead 2729 Benzene 2.2
Nickel 2304 Ethylbenzene 2.2
Chromium 166.7 Mercury 1.0
Xylene 1454 Cyanide 1.0
Sulphate 1150
NB: Figures quoted on a moistuiree basis
Source [ 156, MCG 1991 ]
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3.8 Cooling systems

The information given in this section should be readconjunction withthe ICS BREF,
[ 69, COM 2001 ]the reference documertn industrial cooling systemsgparticularly the
extensive coverage it gives to the consumption of additive

The need for cooling in a refinery depends on the processes used and on the degree to which
they are integrated buivhere water cooling systems are appligéaertainly accounts for the
majority of water usagdn a refinery it is important to maxnise heat integration at a plant

level and ata process/activity level to minimise cooling dufyherefore energy requirements

for cooling will depend on the cooling system ugedether with the cooling strategy applied

Table3.49 shows a typical split of the cooling needs in a refinbygl{ocracking refinery with a
througtput of 7 Mtyr).

Table3.50 gives a distribution ofthe cooling capacity according to temperature range within a
typical refinery(hydrocracking refinery with a throughput of 7 Mq).

Table 3.49: Cooling needs in a refinery
Application Cooling capacity
MW %
Process streams 400 94
Pumps compressors 10 2
Vacuum systems 15 4
Total 425 100
Source[ 169, Bloemkolk et al1996 ]
Table 3.50: Typical cooling duty according to temperature range
End temperature (T) Cooling duty
process fluid(°C) MW %
T>43 380 95
43>T>38 15 4
38>T>30 0 0
30>T 5 1
Total 400 100
Source [ 169, Bloemkolk et al1996 ]
Consumption

Power is consumed by pumps in a water cooling system and by fans in an air cooling system
The water cooling system uses water and requires chemicals as corrosion and bacterial growth
inhibitors For more detailed information and annual consumption figueésrence is made to

the ICSBREF. Both recirculating and onearough cooling water systems require additives
prevent fouling and/or corrosiomecause oncthrough systems generallysel surface water
(either fresh or salted}he chances of fouling are high@ompared to recirculating systems
Therefore in these systemsmore antifouling additivesi.g. chlorinated biocides) should be

used On the other han@nticorrosion additivegare mainly applied in recirculating systems and

not used in oncéhrough systems

Water utilisation in cooling systems is lower in a recirculating systenmpared to a onee
through system (up to only%). In the recirculating systema certain amourdf water exits the
system through evaporatioas mist droplets and as bleed or blowdown to the waste water
treatment systenTherefore makeup water in the range of abdbi®o of the circulation rate is

Refining of Mineral Oil and Gas 175



Chapter 3

required a figure equivalent to the use of2B nt of cooling water per tonne of crude oil
processedHowever to make a balanced comparison betwirentwo kind of cooling systers

it is necessary to take into account the quality of the water used (oftesthooggh cooling
systems are fed with low quigl water, marine or brackish water)

Emissions

The maindirect environmental impact ofhe cooling systems is the heatcreasing the
temperature of the cooling fluid usdd refinery water coolingthe increase of the temperature
(eT) i s ids°@und 10

Water consumption (mentioned aboveergy consumption (pumpar-cooler fans) and water
pollution are the main environmental issues of cooling syst@ttser environmentelated
effects inclué noise production (cooling towepumps air-cooler fans 977 105 dB(A) at
source)and plume formation (cooling tower)

The main pollutants to be considered in water cooling systems aaatifuiling additivesand
anticorrosion additives containirgjinc, molybdenum etc. Special attention should be paid to
the use of dispersing additives in closed cooling water systeamscularly when the bleed is
routed to anoil-separating water treatment yniwhere it can interfere with the oilvater
separatin processA oncethrough system coupled with a low rate of leaks and a high volume
of water mean that cooling water discharges contain betwekemdd and 1 mg/loil.
Hydrocarbon emissions tair from cooling towers (as a result of leakages and stigppimay
occur Emissions to the air were reported to vary betwe@nafid 85 g hydrocarbons perf m
cooling water recirculating over the cooling towWel69, Bloemkolk et al1996 ] Cooling by
guenching (only used in delayed cokers within refineries) results in high vapour emissions
significant energy lossesubstantialvater use and severe water pollution

Table 3.51 Environmental impact of different cooling systems for a typical refinery
Emission Once Oncethrough | Cooling (Cooling tower| Air Air -cooled
or effect through (closedloop) tower (closedloop) |coolers|(closedloop)
Water
Thermal heat (MW) 300 300 Negligible| Negligible
Hydrocarbons (kg/h 2.67 26
Chemical
conditioning®) 2.6 2.6 31 25 31 25
(kg/h)
Water blovdown
discharge (riih) 26000 26000 156 156
Air
Visible plume +(3 +(%
Water vapour (kg/h) 468000 468000
Hydrocarbons (kg/h 13 +)0)
Energy 3500 5500 5600 7000 | 2000 | 8700
consumptioff) (kW)
Egisém;:gn (Rih) In closed circuil 624 624
Other nuisances
Noise(?) + + + \ + + +
Entrainment of| Entrainment of Legionellarisk
Other o o -9
fish in intake | fish in intake in air releases
() Hypochlorite in oncghrough cooling water; antiorrosives hypochlorite and ancalants in cooling tower mak
up water

(® Seetext

(® Suppression of plume possible at extra cost

() Process energy losses not included

(® Posible effect the leaking of air coolers is not a weléscribed phenomenofihe absence of water would sugg
that corrosion is not an important factor compared to waieted systemd-urther study would be needed for
accurate assessment

+ Effectoccurs

Source[ 169 Bloemkolk et al1996 ]Completed by TWG 2010
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3.9 Desalting

The quantity of inorganic impurities in the crude oil depends very much on both the crude
origin and the crude handling during transport from the crude well to the refinery

Consumption

The water used in crude desalting is often untreated or partially treated water from other
refining process water sourceBable3.52 shows the typical operating conditions and water
consumption in the desaltedepending on the type of crude oil used

Table 3.52: Typical operating conditions of the desalting process
Crude ail density (kg/m*® | Water wash Temp
at 15°C) (% viv) (°C)
<825 314 1157 125
82571 875 47 7 12571 140
>875 77 10 1407 150

For desalting longr atmosphericesidue 10 % w/w water on feed is commo@nce the water
and the oily phase have beenlivmixed, the water should be separated from the oil feedstock in
a separating vesserhis is doneby adding demulsifier chemical®i 10 ppm)to assist in
breaking the emulsioand in addition by applying a higfpotential electric field across the
setling vessel to coalesce the polar salt water drapldte electricity consumption used in the
desalting processes varies typically frér75 kWh to 0.15 kwh per tonne of crude oil

Emissions

Air emissions

No major emissions tair are produced durinipe desalting processesir emissions from the
heating process are expectadd fugitive emissions (hydrocarbons) may be expected

Solid wastes generated

The quantities of desalter sludge generated depend on the solid content of thetherude
separdbn efficiency and the applied desludging mode and frequedoymally a desalter
clearrout is done twice a yeayielding from 60to 1 500 tyr oily sludge dependent on the
throughput and efficiency of the process to capture solile sludge generatezhn contain
iron rust clay, sand water (51 10 % w/w), emulsified oil and wax (20 50 % w/w) and metals

Waste water

The desaltercontributes greatly to process waste water (200 litres/tonne feedstock
desalted) The desalting process creates dly desalter sludge and a higémperature salt
wastewater stream (possiplthe most polluted in the refinepywvhich is typically added to
refinery waste water treatment facilitidthe waste water generate wide variety of pollutants
andin considerale amounts that can never be discharged without proper treaffiadte3.53
shows the ranges to be expected from waste waters from desalters

Refining of Mineral Oil and Gas 177



Chapter 3

Table 3.53: Composition of the waste water generated in the desalting process
Water pollutants Typical concentration (mg/l)

Temperature (°C) 1157 150
Suspended solids 507 100
Oil/oil emulsions High
Dissolved hydrocarbons 507 300
Phenols 57 30
Benzene 3071 100
BOD High
COD 5007 2000
Ammonia 507 100
Nitrogen compounds (1K) 157 20
Sulphides (as t8) 10
Source[ 183, HP 1998 ][ 159, WB 1998 ]
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3.10 Energy system

The energy system is an importaifitnot the most importantctivity from the environmental
perspectiveThe energy (heat and power) necessary to transform the raw materials to products
is provided by the combustion of hydrocarbon fractions that mainly generates emissions to air
As mentioned inSection2.1Q this section containgdata onthe emissions generated by the
energy system as a wholés a consquence of thisthe emissions generated by furnaces or
boilers of specific processes are integrated here and they are not considered in the other
sections

3.10.1 Energy management

Energy efficiency in refineries
There are currently three methodologies i urs refineriesand these arériefly described
below.

| The first is specific energy consumption (SEQ)his is the most simple indext is
calculated as the ratio between the energy consumed by the refinery and the tonnes of
feedstock processeddccording to data gathered by the TWG from a sample of
50 European refinerieshe specific energy consumption of European refineries (from 5th
to 95th percentiles) ranges from.6 to 3.7 GJ per tonne of throughput (crude and
intermediates) Because it is a simplindex this ratio does not take account of the
complexity of the refinery (more complex refineries tend to consume more energy)

1 The second methodology is theoducts method 230, G. J. M. Phylipsen K. Blok, et
al.1998 ] This method considers the products and internal energy products produced in
the refinery giving a specific energy consumption benchmark per tonne of energy
product producedMultiplying thesespecific enagy consumptiorlevels by the amount
produced within the refinery and adding dMle totals together gives an energy
consumption benchmark for that refineBome calculations based on 2008 data indicate
that the best specific energy consumption figuresbateveen 24 and 29 GJ/tonnes
whereas actual valuesere from 1 to 8 GJ/tonnesThat means that some European
refineries are doing better than figures thrat@nsidered a good benchmark

1 The third methodology is th&nergy htensity Index (Ell) It is a measure used to
compare energy consumption in refineridhe standard energy use is based on the
energy consumption amore than 500 refineries worldwid8ince the beginning of this
benchmarking (property of Solomon Associates) in the 1380&l1 of 100 corresponds
by design to the current average calculated for all the participating US plahts
average Ell obtained in a worldwide market survey (Solomon sti®®4) was 92with a
range from 62 to 165160, Janson 1999 More energyefficient refineries correspond to
the lower values of EllTherefore, some refineries are almost three times as energy
efficient as otherdn 2005 the top 10% of all best Ell valueseported worldwide were
equal to or below 75This indexreflects the types of processes and throughput of each
process in the refineryrhese dataare not available for all refineries and typicalye
considered confidential by refinerieAs shown inFigure3.29, a total of 41 European
refineries have reportettieir EIl (2006 2007 or 2008) in TWG questionnairesd the
values have been plottéagether with specific energy consumption calculated for each of
the sites concerned A clear correlation is naturally observed/ithin this European
sample Ell ranges from 65 to 124vith an average of 93 very close to the world average
andfive plants in the best 1% in terns of worldwide performance
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Figure 3.29; Energy Intensity Index and specific energy consumption for 41 EU refineries

3.10.2 Energy capacity and consumption

Capacity of the refinery energy system

The capacity of the individual combustion plants in a refinery varies widely from less than
10to 200 Megawatts thermal input (MW); and the total installed capacity ranges from several
hundred to ma than 1500 MW in the largest refineriesThe energy consumed at the
combustion plants of the refineries ranges from 206 more than 1000 TJ per yeaDeep
conversion refineries in general use more than three times as much ene#gyof{ldude
intake) as simple hydroskimming refineries¥3 [ 159, WB 1998 ]

Gasification plant

An IGCC unit produces 130 t/h of syngas mainly composed of CO arid the ratio 11
(calorific values of 96007 10 000kcal/kg) starting from 58 t/h of feedstock (calorific value of
the heavy residue varies betwee80® and 200 kcal/kg sulphur content3.57 7 % and metal
content 3007 800 ppm. A solid effluent in the form of a filter cak@bout 160 400 kg/h dry)

is discharged and sent to external plants for recovery of the metadsClaus units recover
4t/h of elemental sulphur from the,8 recovered in the acid gas removal secth tail gas
treatment sectiothat permits an ovedasulphur recovery of 99 %, follows the Clausunits

[ 221, Italy 2000 ]

Refinery fuels

The baseline ratio of gas to liquid refinery fuel used in a refinery is a functiamomber of
factors important amongst which are the sidegree of complexityLPG recovery efficiency

and extent to which refinery fuel gas is processed into other produgtsléfins) or exported

to adjacent chemicals plants (either directly orreerg@y from common facilities})t varies from
80/20 or 70/30 (gas/liquiddt a standalone moderately complex refinery to 40/@@a highly
complex site which also services a chemicals complexwever these ratios can be increased
when energy conservati measures are applied and the gas availability becomes sufficient for
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the energy supply of the refinerJable3.54 illustrates the calorific value and the sulphur
content of the different fuels

Table 3.54: Properties of the fuels used within a refinery
Type of fuel Calorific value (MJ/kg) Sulphur content
Refineryfuel gas(RFG) 297 49 207 4000mg H,S/NnT
Hydrogen gas 557 70 (LHV) 207 1200 mg HS/Nn?
Catalyst coke from FCC 381 40 0.117 0.3% S
Liquid refinery fuel 40 <017 4%S
Source [updated TWG 2010

There aredifferences in the characteristics of the liquid refinery fuel used in European
refineries The data from a CONCAWE report show tha2D06about 50% of oil fired hada
sulphur content of ~% or less only 10% of refineries useil with more than 26 sulphur in
2006 compared with 206 in 2002 and 396 in 1998 The average sulphur content wag %

in 1998 1.34 % in 2002 and B3 % in 2006[ 63, CONCAWE 2010 ]

Table3.55 shows the chemical characteristics of three different liquid.fuels

Table 3.55: Chemical properties of several typical heavy liquid oils
Property High sulphur | Intermediate sulphur | Low sulphur

Sulphur% w/w 2.2 0.96 0.50
Carbon% w/w 86.25 87.11 87.94
Hydrogen% w/w 11.03 10.23 11.85
Nitrogen% w/w 0.41 0.26 0.16
Ash % w/w 0.08 0.04 0.02
Vanadium (ppm) 350 155 70
Nickel (ppm) 41 20 10
Sodium (ppm) 25 10 <5
Iron (ppm) 13 9 <5
Source[ 243 Blas 2000 ]

The nitogen and sulphur contents are two of the most important chemical parametars and
responsible among other factdos the emissions of NQand SQ. Ash content combined with

high sulphlur can directly Hect particulate matter emissiarfigure3.30 showsthe distribution

of nitrogen and sulphur contents in various types of vacuum residues according to their
geographical origin
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Figure 3.30: Sulphur and nitrogen contents in HFO (vacuum residues) according to their
geographical orign

Steam generation

Steam generation requiren anergy input of Z00T7 3200 MJ per tonne of steam produced
Conditioning chemicals are dosed to the BFW in low concentrations and comprise the following
groups of chemicalantiscaling agentorroson inhibitors and antioaming agentsA 100t/h

steam generation system requires approximat&y 3 t'yr corrosion inhibitors and 24 t'yr
antiscaling agentsTheseconditioning chemicalicludedare

1 Corrosion inhibitors (mainly oxygen scavengieand alkaline compoundsgulphite
(<60bar), oximes hydroxyl aminesand hydrazine (declining use due to safety issues)
etc. are commonly applied as oxygen scavengers for deaerated boiler feed water prior to
pumping into the boilerCommonly applied alkline compounds are sodium phosphates
(which are also hardness bindergjustic ammonia and neutralising amines

1 Anti-scaling agents such as polyacrylates and phosphonates that are rest hardness binders
and dispersing agents

1 Anti-foaming agerg in general intermittently dosedo combat foaming in case the
condensate contains oil or organics

3.10.3 Emissions
3.10.3.1 Air emissions

General aspects

Since emissions to water are minimal and very little is generated in the way of solig waste
emissions to air are ¢fprimaryemissionsboth from the energy system and fréme refinery as

a whole The sum of fluegas flows generated from all combustion processes assowiiftteitie
energy systemi.g. central power plantprocess furnacestandalone boilers and evaral gas
turbines) in a refinery range from arounto20 GNni/yr (0.1 to more thar2 million Nm*h at

3% 0,), which corresporsito 0.27 2 million NmP/t of feedstock processed

The main releases to air from combustion processes are stack gasesingprteihes of
sulphur oxides of nitrogenoxides of carbon (carbon monoxide and carbon dioxide)iand
particularly important when liquid refinery fuel or coke dembustedi particulate matter
including PMo and metals€.g. V, Ni). When operating proplgr and when burning cleaner
fuels such as refinery fuel gdsw-sulphur fuel oil or natural gathese emissions are relatively
low. If, however combustion is not completer heaters are fired with refinery fuel pitch or
residualsemissions can be siificantly higher Incomplete combustion may lead to releases of
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carbon monoxidesmoke andif heavy fuel oils are usedparticulate matterAs a result
combustion plants are major contributors to the release of air emissions from refifleges
level of pollutants emitted will depend on the quality of the fuels bhuwitich can vary
considerably There are conflicting factors in a combustion process which contribute to
emission levelsFor examplecombustion conditions which favour low particulate eiss for
liquid refinery fuel i.e. excess ajrhigh temperaturegood air/fuel mixing and good fuel
atomisaion, are not favourable for loMOyx emissions

Refinery fuel gasif properly treatedis a low polluting fuelLiquid refinery fuels generate me
emissions to the air than refinery fuel g&asfired heaters and boilers generate little dust and
lower SQ emissionsas the refinery fuel gases are usually cleaned in amine scrublirs
emissions are also much lower thioseof liquid-fired boilers and heaters

By way of exampleTable3.56, Table3.57 andTable3.58 show respectivelythe air emissions
generated by gand liquid refinery fuels in two power plants in European refineries

Table 3.56: Air emissions from boilers and furnacesfired with refinery fuel gas
Fuel Throughput
Consumption (thyr) Units CO, CcO NOyx | Particulates | SO,
(GWhlyr)
mg/nt <80 | <100 1 17 20
5614 41000 tlyr 108917 | 236 | 757 0.6 74
kg/t 2657 | 0.58 | 1.85 0.014 181
feed
NB: Data in tableefer todaily average3 % O,, dry.
Source] 191, UBA Austria 1998 Jupdated TWG AT 2010

Table 3.57: Air emissions from a power plant fired with heavy fuel oil
Fuel Through put
consumption (t /gr) P Units CO, CcO NOx Particulates SO,
(GWh/yr) y
48215 NA mg/nt - 187 79 | 6071 98 213 551 159()

NB: Data in table refer to monthly averag& O,, dry.
Vacuum cracked flashed residue from the theigaaloilunit is cofired.
(%) The fluegas is treated in a SN®lant RFGand natural gas are 4ived with heavy fuel oil

Source[ 191, UBA Austria 1998 Jupdated TWG AT 2010

Figure3.31 and Figure3.32 show the2009 emissions datéor SO,, NOy and dustfrom large
combustion plants in refineriesported by the Member States to the Commission
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LCP in refineries - Breakdown by size (MWth)
2009 - Reporting from MS to the Commission
285 LCP reported with load data for SO,, NOx and dust
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Figure 3.31: Large combustion plants in refineries' 2009 reporting of Member States to the
Commission

Emissions to air (2009) from LCP at refineries
Breakdown of load emitted by size (MWth) and pollutants for 285 LCP
Associated concentrations calculated for 225 LCP
(based on 11,3 Nm®/kg foe for RFG and NG, 12,3 Nm?/kg foe for RFO and solid fuels)
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Figure 3.32 Emissionsto air from LCP in ref ineries loads and associated concentratian
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Table 3.58: Air emissions from TOTAL Mitteldeutschland refinery power plant burning

refinery liquid residue
Emissions parameters Raw gas Clean gas

Volume, wet (n/h, 7 % O,) 171690 188249
Gas temperature (°C) 18071 200 up to 72
Particulates (mg/f3 % O,) 220 <10
NO, (mg/nt, 3% O,) 800 <150
SO, (mg/nT, 3% O,) 6500
SO, (mg/nt, 3% O,) 650 <10
SO as SQ (mg/nt, 3% O,) <400
NB: It includes a FGD proceskiquid refinery fuel contains % sulphu.
Source[ 191, UBA Austria 1998 ]

Carbon dioxide

Combusion processes of fossil fuels produce £@s a result of the combustion of
hydrocarbonsThe amount of C@emitted to the atmosphere by European refineries varies from
0.15 to 55 million tonnesper year (range depending on the type of refinery and theyene
integration) The specific C@ emissions (calculated from 5th to 95th percentiles within a
sample of 58 European refineries) range fi@ito 0.4 tonnes of CQper tonne ofeedstock
processedCO, emissions from power plants in the refineries cowadpo around 4% of the

CO, emitted by the refineryThe use of liquid fuels results in lower thermal efficiencies and
higher CQ emissions than the use of gaseous fuels

Table3.59 shows the sources (type afels) of the C@emissions of the refining industryhe
table also includes the calculated emission factors forf@Qarious refinery fuels

Table 3.59: CO, emission factors for different types of fued

Fuel type Typ|c?(l)/;: C\JNTVS)O sition kg CO,/kg fuel kg CO,/GJ

Refinery fuel gagRFG) 30H,/35 C/35 G % viv 2.83 43
Natural gagNG) 100% methane 2.75 56
Liquefied Petroleum Gas @G | 50 GJ/50 G, 3.02 64
Distillate Fuel oil 60 10 Q30 A 3.22 74
Residual Fuel 50 A50 A 3.26 79
Coke 90 C/10 ash 3.30 117
NB: abbreviationsCarbon Hydrogen Paraffins Olefins, Aromatics

Sources[ 166, CONCAWE 1999 ][ 202, Dekkers 2000 ]

Carbon monoxide

One of the products of partial combustion processes is carbon mandkeEl€€O emissions
which range from 260 42 mg/Nni at 3% O,, are very dependemin the type of fuel used and
the completeness of the combustion proc8gecific emission values for CO aréb® kg CO
per tonne of refinery fuel gas an@® kg CO per tonne of liquid fuel

Nitrogen oxides

NOyx emissions from a refinery energy systenpeted on the fuel typefuel nitrogen or
hydrogen contentcombustor equipment design and operating conditibhe formation and
release of N@ from combustion processes arises from the oxidation of nitrogen present in the
fuel source and/or the air usektcordingly, large differences in the NGemission level can be
expected between refineries and even between different combustion installations at the same
refinery at different timedDifferences in temperatureesidence time and oxygen concentration
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realt in varying levels of thermally formed NO The influence of temperature is most
important with NOx emissions increasing exponentially with temperature

Gaseous fuels typically release less N@er unit of energy comparedith liquid fuels
especialy liquid refinery fuels Oil burning normally leads to higher levels of N@leases for
several reasonghe problem of fuel NQ arising from the nitrogen content.Q37 1 %), the

way in which theplant is often operatl so as to balance N@nd particuhte releasesand the
frequent design requirement for firing in combination with. ¢g@vever the latter statement is
only true for norabated emissionsince the inclusion of secondary measures can reduce both
NOy and particulate emission®@ne refineryin 1996 found that fuel oil can generate about three
times more NQ than gas fueldNOy factors (NQ produced per tonne of fuel combustadyed

by some refinges to report N@ emissionsindicate NQ from oil firing to betwo to three
times that from gafiring.

Figure3.33 gathers the NQequivalent concentratisrfexpressed as yearly averagemg/Nn?

dry at 3% O,) of all flue-gasesemitted by the overall energy system siime European
refineries For eachsite, summary information is given on the existence of typicakMé&ated
techniques implemented at various parts of the energy sysianon the portion of total
gaseous fuels (refinery fuel gas + eventual external natural gas supply) in the sitengirergy
Most sites emit in the rang# 1007 500 mg/Nni. As expecteda clear correlation is observed
between the highest gaseous fuel ratios in the site energy breakdown and the lowest NO
equivalent concentrations
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Figure 3.33 Distribution of NO x yearly average equivalent concentrations from the energy
system of a sample of European refineries

Additional data received for®9 show for the energy systema yearly average 6f1 mg/Nni
of NOx emissions $ource Questionnaire 1 updated witimession declaration for 2009)

The fired heatersboilers and gas turbines running on refinery blend ggaseratdower NO,
emissions han FCCs Specific NQ; emissions related to energy consumption range from
15t0 200 mg/MJ for furnaces with 10® gas fuel Specific NQ, emissions related to the
throughput range from 84 to 700 tonnes of,N§@r million tonnes of crude oil processédthe
NOy load ranges from 20 to more tha®@) tonnes per year
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Particulates

Under normaloperatingconditions the solids in the flugiases of a furnace or boiler consist
mainly of coke particles with some cenosphgdepending on firing condition$ he pariculate
emissiors of oil-fired equipment may vary considerably since they depend on a number of more
or less independent parameters suchfued type burner designoxygen concentration at the
outlet of the radiant sectipthe fluegas outlet temperatairof the radiant bg»xand the residence

time of the fuel dropletsThe patrticle size of the particulate matter (PM) from furnaces and
boilers on HFO is in the order of 1 umhe PM in fluegases can take any of the following four
forms

1 soot where the ptcle size is below 1 um (thésible smoke from a stack is caused by all
particles but mainlghosewith a particle size between3and 5 pny;

1 cenospheresthey originate from the liquid phase wastes of combustion of heavy oil
droplets at relately low temperature (<700 °Cdhe size is equal to or larger than tbht
the original oil droplets

1 coke particlesformed through liquid phase cracking in combus@biigh temperatures
(>700 °C) the particle size is generally from 1 to 10;um

| fine particleg<0.01 umy): their contribution to the total mass emission is negligible

The PM in the fluegas offurnaces and boilers fired with heavy fuel oil is a mix of metal
compounds and soot/cakiletals (mainly V and Ni) are a natural constituent (indigenofis) o
the crude Soot and coke result from imperfections of the combustion proCesgaminants
such as sandust and other metaland coke particles of the fuel itseffiay also contribute to

the formation of particulate§ he indigenous metal content dfet heavy fuel oils (see Section
2.10, which can be calculated from the metal content of the crude oil from which the HFO is
made is the basis for calculating the minimum ash content of the HFO and thereforlealso t
basis for the PM in the flugas Ash contents are higher than the metal content itself (as the
metal compounds are in the asahd generally lie in the rangsg 5007 1500ppm (Q057
0.15% wi/w). In practice the PM content is normally higher by acfor of 2i 4, because
unburnt fuel (soot) adheres to the metallic,Rid because aerosols of Sfe also monitored

as PM

The range of the unabated PM (155800 mg/Nnj) is typical for thecurrentburnersapplication
(steam atomisation and leMOy), assuming all measures are taken to achieve good combustion
(optimum oxygen content and lowest practicablegNiOthe fluegas) andis directly related to

the ash content of the fudtor older furnacediquid refinery fuelfired flue-gas levels may
rangefrom 500 to 1000 mg/Nmi. For boilers the figures are on average low&or a new
optimal burner design with steam atomisation this can be well below 200 mg/Nenrange of

15071 500 mg/Nni represents the current typical range with liquid refinerysfeshployed (ash
contents) and burners installed (lNOx with steam atomisation)Table3.60 shows the
particulate emission range found in current European refineries

Table 3.60: Particulate emissions ranges for existing installations

Refinery fuel gas

Liquid refinery fuel

Process furnaces 0.47 2.4 57 1000
Boilers <5 51 500
CHP - 27 309

NB: All figures in mg/Nn at3 % O, (monthly average)
* The flue-gas is treated in a SN@lant RFG and natural gas are-ficed with heavy fuel oil
Sources[ 151, SemaSofres 1991,][ 191, UBA Austria 1998 Jupdated TWG NL 2010

Soot blowingis an operation that is carried out at regular intervals to remove soot from the
furnace that is accumulating on the furnace equipment and hampers proper fundbanimg
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this operation the PM content of the exhaust gas can reach valu@8®frg/Nnt. Abatement
techniques installed for normalperating conditionswill be effective to reduce the PM
emissions from this operation

Sulphur oxides

The release of sulphulioxide is directly linked to the sulphur content of the refinery fuel gas
and fuel oils usedHeavy fuel oil residues normally contain significant proportions of sulphur
and nitrogen depending mainly on their source and the crude oriData from the2006
CONCAWE sulphur survejy63, CONCAWE 2010 Jshow that the average $€ontent in the
flue-gas of refinery energy systems (from oil/gas firihgy been roughly reduced byaztor of
almosttwo between 1998 and 2006he weightedaverageconcentratiorhas been calculated to
be594 mg/Nm.

Figure3.34 gathers the SQequivalent concentratisriexpressed as yearly average mg/Nn?

dry at 3% O,) of all flue-gasesemitted by the overall energy system siime European
refineries For each sitea summaryof information is given on factors likely to influence SO
emissions fronthe refinery combustion plantoncernedthe sulphur inpufrom the overall
feedstock and theportion of total gaseous fuels (refinery fuel gas + eventual external natural
gas supply) in the site energy miMost sites emit in the rangsf 50 i 1500 mg/Nm. As
expected a clear correlation is observed betweea Lighest gaseous fuel ratios in the site
energy breakdown and the lowest,®Quivalent concentrations reported here

SO,: Furnaces and boilers + CHP
2500

73%

Data displayed: (1) - (2) - (3)

(1) Sulphur load in the refinery overall feedstock (kg/t)

2000 (2) Part of RFG in the overall energy consumed

(3) Total part of gaseous fuels (RFG + NG) in the overall energy consumed
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Figure 3.34: Distribution of SO, yearly average equivalent concentrations from the energy
system of a sample of European refineries

In air-blown gasification of cokethe sulphur content will be aboutd®0mg/Nn? perunit of
% sulphur in the feed
3.10.3.2 Waste water

Steam used for strippingacuum generatigratomisation and tracing is usually lost to waste
water and to the atmosphefiéhe waste water generated in the energy processes comes mainly

188 Refining of Mineral Oil and Gas



Chapter 3

from the boiler feed water (BFW) syste(ne. demineralisedwate plant and condensate
treatment plant)The main streams are the boiler blowdowri (2% of the BFW intake) and

the BFW preparation regeneration wash &% of the BFW produced)The main pollutants
and composition of the first stream are COIMO mg/| N-Kj: 07 30 mg/t and PO,: 01
10mg/l. The BFW preparation regeneration stream is combined with NaOH/HCI for pH
neutralisationNormally no biotreatment is required

3.10.3.3 Solid wastes generated

Releases to land may result from tlmaitine collection ofgrit and dust and arisings during
cleaning procedure§he composition is. 81 1% w/w Ni and 2i 3% w/w V in furnaces and

17 3% Ni/V for boilers The amount depends on the furnace design and the liquid fuel quality
but in boilers varies from zero tH0 tonnes per yeatiquid refinery fuel tank bottom sludge
may be generated in the storage tarfdsidge may also be generated from the cleaning of
fouled exchanger bundleghe flow depends on the liquid refinery fuel quality and the presence
of fuel tank mixers Depending on the mode of drainjri&Pi 80 % is ail.
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3.11 Etherification

Consumption

The etherification reaction is exothermandso cooling to the proper reaction temperature is
critical in obtaining optimal conversion efficiencylethanol isneeded for the production of
theseethers The utility consumptiorievelsin Table3.61 are specified per tonne of MTBE
processed in an oxygenate unit

Table 3.61: Utility requirements in the etherification processes
Electricity | Steam consumed| Cooling water
(KWhit) (kgh) (m%t, a&T=10°C)
127 20 10007 2000 218

Emissions

Air emissions

Potential releasesf hydrocarbonsgnto air comefrom pressure reliefs omesselsdepentaniser
column overheads drum and distillation column reflux dromathanol plantsteaming vents on
scavengers and reactor catalyst

Waste water

Potential releasesf hydrocarbonsmethanol and ethets water comédrom spillages and water
bleed from methanol recoveryhe water bleed is generated at a flow éf 2m®/t and with a
composition of CODbf 501 200 mg/l and a Nj of 57 20 mg/l Some components that can be
found in this waste water are methanol (ethamdhers and formic #at (acetic acid)

Solid wastes generated

Waste generated is the spent catalyst/resin with no possibility of regendeagontwo years

it should be changed and steamed to flare before recy€limegcatalyst is recycled for recovery
of its palladiumcontent Some efforts in the recycling of the resin havebesnsuccessful
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3.12 Gas separation processes

Consumption

The electricity demand of a gas separation process \@teeenl5 and20 kWh per tonne of
feedstock processetiheseprocesses also neume between 300 and 400 kg of steam per tonne

of feedstock and between 1and¥m of cooling water (&T=10AC)

Emissions

Air emissions

Potential releases into dimclude hydrocarbons from pressure reliefs on vesselgeneration
vent gas from moledar sievesC,/C, refinery fuel gasrefrigeration system leakstorage and
handling operationsMercury, if present in the feedstock of the refinewill concentrate in
overhead sectionparticularly coolersLPG, tops and naphtha coolers are mostljikavolved.
Steaming this contaminated equipment mageneratemercury emissions to atmosphere
Mercury is sometimes founghan opening equipment for inspection and maintenance

The final process in LPG production is the addition of some odoréinésodrants used are
typically volatile organic sulphur compound£. mercaptans and sulphidd®otential releases

into air include leaks or spillages of odorant and vapours displaced during tank filling or from
thermal expansion of blanket gaBhey also include the displaced vapours residysost
incinerating or flaring if these techniquaseused including a small release of sulphur dioxide
from combustion of the odorant

Waste water
Potential releases into waitecludespillages of hydrocarbonbl,S, NH; and amines

Solid wastes generated
Potential releases into lamcludehydrocarbons from contaminated spent molecular sieves and
from odorant addition including solid waste such as materials used to absorb odorant spillage
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3.13 Hydrogen-consuming processes

Consumption

In this sectiontwo groups of processes have been inclutdgdrocracking and hydrotreatment
Both types of processes are catalytic and consume hydrbgele3.62 showsthe approximate
hydrogan consumption for hydrotreatment and hyatexking of various feedstocks

Table 3.62: Hydrogen consumption data
Process % S wiw % S wiw Nm? of H, per
(Chemical consumption data) in crude in feed tonne d feed
Deep atmospheric residue conversion 17 2 21 35 26071 500
Hydrocracking vacuum gas oil 0.57 0.8 27 3 26071 400
Cycle oil hydrogenation 0.3 3 370
Hydrotreating
FCC naphtha/coker naphtha 0.057 0.01 1 110
Kerosene 0.17 0.02 0.1 11
Straght-run naphtha 0.01 0.05 4
Hydrodesulphurisation
FCC gas oil/coker gas oil 0.1 1 130
High-sulphur gas oil to @5 % S 0.05 0.35 200
High-sulphur gas 0ilto @ % S 0.04 0.3 44
Low-sulphur gas oil to @5 % S 0.04 0.15 17
Low-sulphur gas oilto @2 % S 0.03 0.1 13
Hydroconversion Metal content <500 ppm
Source [ 175 Meyers 1997 ][ 168 VROM 1999 ]

3.13.1 Hydrotreatment

Hydrotreatment units consumption

The H consumptionand consequently the energy requiremsignificantly increase in the
order naphtha (05% H,), distillate (03% H,) and residue hydrotreating .8% H,).
Table3.63 shows the utility requirements for different hydrotreatments

Table 3.63: Utility requirements for different hydrotreatments
Fuel Electricity Steam Cooling water VWVQZ? H,
(MJh) (kwh/t) |consumed (kg/t)| (m*t,2eT =10 (ka/h) (kglt)
Naphtha processg 2007 350 | 571 10 107 60 21 3 4071 50 1715
Distillate 300i 500| 107 20 607 150 2i 3 307 40 | 1715
processed
Residue processe 3007 800 | 107 30 607 150 27 3 307 40 |107 100
Sources[ 151, SemaSofres 1991,][ 168, VROM 1999 ]
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Table 3.64: Catalysts used in hydrotreatments
Cycle lengths/average
Process Composition consumption
(t/Mt feedstock)

Hydrodesulphurisation CoO/MoQy/Al,Of 1 year/46
Denitrification Ni/Mo catalyst 21 6 yea/46
Demethalisabn NA <1 yearNA
Saturation of olefins and aromatic{ Ni/Mo catalyst 1 yearNA
Hydrogenation of light dienes NA 2 yearsNA

Emissions from hydrotreatment units

Emissions to air

Air emissions from hydrotreating may arise from process heatergélse(del with in
Section3.10), vents fugitive emissions and catalyst regeneration {GQD, NOy, SC). The
off-gas stream may be very rich in hydrogen sulphide and light fuelTg&sfuel gas and
hydrogen sulphide are typically sent to the sour gas treatnménand sulphur recovery unit
Hydrocarbonsand sulphur compoundsiay be emitted to aifrom pressure relief valves;
leakages from flangeglands and seals on pumpsmpressors and valvgsarticularly on sour
gas and sour water lines; venting duringabst regeneration and replacement procedures or
during cleaning operation3able3.65 shows two examples of emissions from hydrotreating
processesThese air emissions include the emissions generated by theustionbof fuel
required intheseprocesses
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Table 3.65: Examples of air emissios generated by hydrotreatment units
Installation
oMV Fuel Throughput
+ | consumption anp Units SO, | NOx | CO CO, | Particulates
Schwechat) (GWh/yr) (thyr)
(2007) y
Naphtha 1160000 mg/nt | 7000) | 74 10 20
h drc‘)’treater 2059 Naphtha tyr 142 15 2 | 40152 41
Y kg/tfeed | 0.13 0.013 | 0.002 36 0.004
Middle 1780000 mg/r‘n3 59 242 5 1
distillate 1358 KeroseneGO tlyr 8.1 33 0.7 | 26341 0.1
kg/t feed | 0.005 | 0.019 0 15 0
1820000 mg/nt | 700 (1)] 442 | 10 20
Vacuum
distillate 724 VGO tlyr 51.6 32.6 0.7 19466 15
kg/t feed | 0.028 | 0.018 0 10.7 0.001

() Raw gas was treated in a flgas desulphurisation (Wellmarord).
Data ae related to yearly averagg% O,, dry conditions
(") Since 2010the Schwechat refinergAT) uses only gas (except fathe SNOy power plant unit) with the followingaily
averageemissionsSO,: 11 20 mg/Nni, NOy: <100 mg/Nni, CO: <80 mg/Nni, PM: 1 mg/Nn¥.

Source[ 194, Winter 2000 Jupdated TWGAT 2010

Installation Fuel
.TOTAL consumption Throughput Units SO, NOx CcO CO, Particulates
Mitteldeutsc (thyr)
(GWhlyr)
hland
1500000 mg/n? 35 100 100 5
Naphtha
hydrotreater 2059 Naphtha t/yr 7.1 20.3 | 20.3 | 39937 1
kg/t feed | 0.005 | 0.014 | 0.014 27 0.001
Middle 3000000 mg/n? 35 100 100 5
distillate 2059 GO t/yr 7.1 20.3 | 20.3 | 39937 1
kg/t feed | 0.002 | 0.007 | 0.007 13 0
2600000 mg/n? 35 100 100 5
Vacuum
distillate 5782 VGO t/yr 186 | 532 | 532 | 164776 2.7
kg/t feed | 0.007 | 0.02 | 0.02 63 0.001

NB: Emissions are only limit valuekoads and specific emissions were calculated
Data are related to yearlyerage 3 % O,, dry conditions

Waste water
Hydrotreating and hydroprocessing generate a flow of waste wateii @30tonne The waste
water contains HS, NHs, phenols hydrocarbonssuspended solid8OD and CODand has a
high pHandshould be ent to the sour water stripper/treatmdpotential releases into water
include HC and sulphur compounds from spillages and |@akscularly from sour water lines
In distillate hydrotreatmentsolid deposits such as (NSO, and NHCI are formed inhe
cooler parts of the unit and must be removed by water.wash

Solid wastes generated by hydrotreatments

Theseprocesses generate spent catalyst fines (aluminium silicate and metals Co/Mo and Ni/Mo

507 200 tyr for a5 Mt/yr refinery). For process urstusing expensive catalyst®ntracts with
the supplier exist for taking the spent catalyst back for regeneration and/or recytiisg
practice is also being adopted for other types of catalysks use of catalytic processes has
increased considerabind hence also the regeneration and rework seregscularly for

Ni/Mo and Co/Mo hydrotreating catalystdolecular sieve beds are sometimes used to capture

the water content of some strearagy(distillate hydrodesulphurisation)
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3.13.2 Hydrocracking

Consumption of hydrocracking units

Hydrocracking is an exothermic procesEhe heat generated in the reactors is partially
recovered in a feed/product heat exchangesignificant amount of heat is required in the
fractionation sectionCatalysts used ithis process are typically cobatholybdenumnickel or
tungsten oxidesmpregnatedon alumina Fluorided alumingactivated claysilica-alumina or
zeolites are also presertverage consumption of catalysts is.67Mt of feedstock A small
amount of okelike material is formed which accumulates over time on the catalyss
deactivates the catalysequiring regeneration offite every one to four years by burning off the
coke Water is removed by passing the feed stream through a silica gelegutanlsieve dryer
The utility requirements for hydrocracking ateown inTable3.66.

Table 3.66: Utility consumption of hydrocracking units
Fuel Electricity | Steam produced Cooling water
(MJ/t) (KWh't) (kglt) (m%t, aT=17 °C (*a&T=10 °C))
Hydrocracking 4007 1200 2071 150 3071 300 107 300
Hydroconversion | 6007 1000 507 110 20071 300 27110
Source[ 151, SemaSofres 1991,][ 168 VROM 1999 ]

Emissions from hydrocracking units

Emissions to air

Heater stack gas contains C80, NOy, hydrocarbons angarticulates that generatenske
grit and dust in flueas (covered in Sectior2.10, fugitive emissions (hydrocarbons) and
catalyst regeneratioamissions(CQ,, CO, NOy, SOy, and catalyst dustfFuel gas and lbed
stream will contain b5 and should be further treatedOCs are generated by the ron
condensabkefrom vacuum ejectors

Waste water

Hydrocracking generates a flow of waste water ofi 300 itres per tonne processedk
contains high CODsuspende solids H,S, NH; and relatively lowlevels of BOD The sour
water from the first stage HP separatd? separatqrand overhead accumulator should be sent
to the sour water stripper/treatmenEffluents from hydroconversion processes may
occasionallycortain metals (Ni/V)

Solid wastes

Hydrocracking also generates spent catalyst fines (metals from crudmaihydrocarbons)
Catalyst should be replaced oramary one to thregears generating an average of 6Q00t/yr
for a refinery of GMit/yr. Hydroconversion normally generates between 100 and/p00f
spent catalysts which contain more heavy metals than hydrocracking catalysts
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3.14 Hydrogen production

Consumption

Steam reforming

The steam reformer has to supplylarge amount of heat at higéniperature for the steam
reforming reactiorby burning fuel Global fuel consumption of a unit includéise one for
hydrogen production plus that associatéth steam export to nearby installations

Fuel requirement values indicated Trable3.67 are those strictly associated with hydrogen
production They refer to large size equipment 00 Nni/h of H, or more) Achieving such
values requires botthe usethe techniquedescribed further irsection4.14.1(preheating feed
process steam superheatingombustion air preheay) andthe use of the PSA separation
process in order to recover energy contained iproglucts mainly COand CH, andfeed it
backto burnersp to 90% recovery of the required energy for steam reforming)

As more and more steam is produced and expdutal erergy requirements can be higher
Values ofthe electricity requirement dwot include product compressiohlso, the cooling for

such compressoris notincluded in the values presented floe coolingwaterutility .

Table 3.67: Utility requirements for steam reforming (large sized recent equipment)

Fuel Electricity Steam produced Cooling water
(MJ/tH ) (KWht) (kg/t) (m%t, &r=10 °C)
200007 30000 | 2007 400 20007 8000 257 100

Source[ 151, Sema Sofres 1991,]TWG 2010 (EIGA)

On averaggetheseprocesses produc@000i 3 600 Nm® of hydragen (2401 310kg) per tonne

of feedstock The @talyst for reforming is 25 40% nickel oxide deposited on a lesilica
refractory baseThe catalyst used in the reformer furnace is not regenerable and is replaced
every four or five yeard onger lifetimes can be achieved whehefeed is light such as Clj

of constant quality andhe catalyst is wellsulphurprotected Lifetime doubling may be
achieved especially whendesulphurisé feed is first fed to a preformer unit installed
upstream of the refmer.

The composition of the product depends on the purification techragqusown ifmTable3.68.

Table 3.68: Composition ofthe hydrogen product in steam refaming
Wet scrubbing Pressureswing
Parameter ; .
technique adsorption

Hydrogen purity % v/v 9571 97 9971 99.99
Methang % v/v 214 100 ppm viv
CO+CQO;, ppm viv 107 50 107 50
Nitrogen % v/v 071 2 0.17 1.0
Source[ 175 Meyers 1997 ]

Coke gasification

Coke gasification produces betweeB( and F00 Nn? of hydrogen (210 300 kg) per tonne

of gasifiedcoke Figure3.35 shows ascheme of the hydrogen production from a coke gasifier
and the amount of hydrogen produced per tonne of petroleum coke
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Petroleum - Shift and Hydrogen
coke > Gasifier | Acid Gas removal 100 tonnes/da
2000 tonnes/day y
Sulphur removal

> Compression | ——> 0 0

Synthesis Y
A
Sulphator Steam and 100 MWe power
> compbustor > power or
generation 300 tonnes steam/h
Source [ 175, Meyers 1997 ]

Figure 3.35: Petroleum coke commercial process

Heavy fuel gasification
Bitumen and heavy fuel can be gasifiecthe hitumen used in the gagiation has the
characteristics thatre shown imTable3.69.

Table 3.69: Characteristics of bitumen used as partial oxidation feedstock

Parameter Typical value Unit
Density at 15°C 1.169 ka/l

Carbon 85.05 % wiw

Hydrogen 8.10 % wiw

Nitrogen 0.80 % wiw

Sulphur 6.00 % w/w

Ash 0.05 % wiw
Vanadium 600 ppm
Nickel 200 ppm

Source[ 175 Meyers1997 |

Air emissions

Steam reforming

NOyx emissions are the most important to considather emissions such as oOr water
emissions are minimabecause lovsulphur fuel is typically used and there are few emissions
other than fluegas The choice b heat recovery system can have a major effect oy NO
production since both the amount of fuel fired and the flame temperature will be atféidrd
emissions from a steam reforming unit using gas or light gasoline as fuels and wil©jow
burners are 25 40 mg/MJ (100 140 mg/Nm, 3% O,) [ 160, Janson 1999.]in case air is
preheatedthose values reach up to 200 mgiN&% O,) [ 56, EIGA 2009 ] Other emissions
such as C@ originate from carbon in the feed

Coke gasification

Sulphur sorbentsuch as limestone (CaG)r dolomite (Mg Ca carbonatepre normally used
in the gasifierdrasticalyy reducing the sulphur conter@ulphur composition in the exhaust gas
ranges from 600 to 200 mg/Nni of H,S and COSIf no sorbent is usedhe sulphur content of
the gas will be in proportion to the sulphur in the feled oxygenblown gasification the
sulphur content will be about T®O0 mg/Nm per unit of % sulphur in the feedAmmonia is
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formed in the gasifier from the fubbund nitrogen Ammonia in the product gas typically
contairs less than 34 of the fuetbound nitrogen when limestoiepresenin the gasifier

Heavy fuel gasification
For theTOTAL Mitteldeutschlandefinery, data are available concerning air emissions of the
partial oxidation uniandare given inTable3.70.

Table 3.70: Example of air emissions generated by heavy fuel gasification

Fuel consumption| Throughput | -, o | 5o, | No, | co | €O, | Particulates

(GWh/yr) (thyr)

24528 670000 | mgim? | 35 | 158 | 100 5
tlyr 2434 | 1099 | 6955 | 475843| 348
kg/tfeed | 0.363 | 1.64 | 1.038| 710 0.052

NB: For the emission®nly limit values are giverLoads and specific emissions were calculated
Data are related to yearly averagés O,, dry conditions
Source[ 191, UBA Austria 1998 ]

Solid waste

Coke gasification

The solid waste from the process consists mainly of spent limestone and metals from the pet
coke The particulates in product gas are removed in the barrier filtarléwel of less than

5 ppm Volatile metals and alkalis 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 burand the calcium sulphide is oxidised to
sulphate In this hotgas clearup systemthere is no agueous condensate produakidough

some may be produced the subsequent processing of the .géke solid waste from the
process consists mainly of spent Istene and metals from the metke After processing in the
combustor/siphator, this material is serb disposalVanadium and nickel are found in most
petroleum cokes in concentrations far greater than in coals or lighiteg remain in the ash
produd.
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3.15 Integrated refinery management

Emissions in abnormal circumstances

Accidental discharges of large quantities of pollutants can occur as a result of abnormal
operation in a refinery and potentially pose a major local environmental h&zastgenyg
situations are normally regulated in the refinery per@Qitantification of these emissions is
difficult.

Start-up and shutdown

Conditions such as stanp and shutdown operations occur fairly infrequeatig are normally

of short duration Modern dsigns include fully automated fashfe starup and shutdown
systems with interlocks to maximise safety and to minimise risk and emisSi@amsup and
shutdown of a full refinery or part of the installation may result in substantial emissions to
atmosplere mainly VOC SO, CO, and particulatesEffluent drainage and treatment facilities
could also be temporarily overloaddgefinery design and operational constraints call for safe
and environmentally acceptable management and disposal of emidisdmarges and waste in
upset conditionsStartup and shutdown proceduresd hence emissions and dischargesy
according to the type of unit and the purpose of the shutdidwrparticular unit is only to be
depressurised and heavy components flusheéboa temporary stgghe emissions will be far
less than if all equipment must be purgsiitamed out and filled with air to allow workers to
enter Stringent safety and health care procedures are normal practice in jol@geetineries

Not only persnnel but also contractors have to adhere to these procedlaesrtheless
occasional accidents take place and safety precautions should be practised r&julsdtyvn

or blowdown can also have an impact on neighbouring dwellings (noise and ligig)flari

Heat exchangers cleaning

The bundles of heat exchangers are cleaned periodically to remove accumulations, of scale
sludge and any oily wasteBecause chromium has almost been eliminated as a cooling water
additive wastes generated from the cleanof heat exchanger bundles no longer account for a
significant portion of the hazardous wastes generated at refining faciltiesludge generated

(oil, metals and suspended solids) may contain lead or chrgnaitimough some refineries
which do not poduce leaded gasoline and which use-dorome corrosion inhibitors typically

do not generate sludge that contains these constitu@iyswaste water is also generated
during heat exchanger cleaningDC emissions may occur duritigeseprocesses

Utilities management

Water management

Surface water ruoff is intermittent and will contain constituents from spills to the surface
leaks in equipment and any materials that may have collected in.dRaimsff surface water
also includes water coming froonude and product storage tank roof drains

The daily sanitary waste water production of an individual is about 120, l#cethe total
sanitary effluent of the refinery can be easily calculaddarmally this domestic effluent is
collected in a septitank and then treated in the waste water treatment plant

Ballast water is relevant ttheserefineries that have crude receipt facilities or handle large
product tankers or inland bargekhis ballast water can be high in volume and salt content
(seawagr), and heavily polluted with aillt can easily lead to an upset of existing effluent
treatment systemd he use of ballast water tanks is therefore an important equalisation tool for
feeding the water in a controlled way to either the process watensygstthe continuously all
contaminated systemf the COD is lower than 100 ppnAs more and more tankers are
equipped with segregated ballast tartke ballast water problem is slowly phasing. out

Water used in processing operations also accounts fgnificant portion of the total waste
water Process waste water arises from desalting crudestedm stripping operationpump
gland cooling product fractionator reflux drum drains and boiler blowdo®acause process
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water often comes into direcbntact with oi it is usuallycontaminatedind requires adequate
treatment beforesuseor discharging

The water usage depends bothtlbapurpose and complexity of the refineMyhile there are
usually opportunities to economise on water, tbe sc@e for major reductions in existing
refineries is sometimes limitedthe CONCAWE 2010 survey (100 refinerie®ports the
following data on water usage (anndatg.

Annualmedian totafresh water intake 5.7 Mm3/yr
Range(5th i 95th percentile) 0.4to 220 Mm>/yr
Annual median fresh water 3.7 Mm3/yr
Range(5th i 95th percentile) 0.14t0 378  Mm’lyr
Annual median fresh wateer tonne throughput 0.70 me/yr
Rangeof fresh water per tonne throughput 0.1t0 8.6 me/yr.

Therecordedresh water consumption is that taken from

1 potable (mains) water

1 river water

1 privately extracted groundwater (including in some cases contaminated groundwater
extracted for purposes of treatment)

It does not include

recycled final effluat;

storm water

ballast water from ships

waste water from adjoining facilities
seawater

= =4 =8 =8 =9

Blowdown systems

The gaseous component of the blowdown system typically contains hydrocanpdregen
sulphide ammonia mercaptans solvents and other constints and is either discharged
directly to the atmosphere or is combusted in a flahe major air emissions from blowdown
systems are hydrocarbqtirs the case of direct discharge to the atmosplaera sulphur oxides
when flared The liquid is typicaly composed of mixtures of water and hydrocarbons containing
sulphidesammonia and other contaminanighich are sent to the waste water treatment plant

A seal drum blowdown generates an effluent éf2.m’/h and 10 times as much in the case of
anemegency with a composition ofanalyss of water seal aftee.g.visbreakerstartup):

1 COD: 5007 10000 mg/l;
1 H,S: 107 1 000 mg/l;
i NHz. 107 1 000 mg/l
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3.16 Isomerisation

The main environmental problems for isomerisatapart from the energy consurigt, are the
catalyst promotion and thgossiblesideeffects

Consumption

The total energy requirement depends mainly orisiti@erisation catalyst technology ustte

configuration includingfor the hydrogen recyclethe hydrocarbomecycle operatior(21 2.5

times higher than onefrough) and thetechnology usedo separate the-rfrom the ise

paraffins; absorption/desorption process or a deisohexaniser collh@ isomerisation
processes require an atsphere of hydrogen to miningis coke depositsThe utility

requirements for the isomerisation pro@sssry widely depending on the design optioAs

example ofhe utility requirements for an isomerisation procissshown inTable3.71:

Table 3.71: Utility requirements of the isomerisation processes
Electricity Steam consumed Cooling water
(KWhtt) (kgh) (m3t, pr=10 °C)
2071 30 3007 600 107 15

Catalyst life can range frortwo to more than teryears depending on unit operatiorhe
chloridepromoted catalyst (chlorinated alumina containing platinum) requires the addition of
very small amounts of organic dhides to maintain high catalyst actiyitto avoid catalyst
deactivation and potential corrosion problef@se Sectior2.16 for further information about

the type of catalysts used

Table3.72 shows the utility and chemical requirements for the adsorption process for a feed rate
of 600 tonnes per day

Table 3.72: Utilities and chemical requirements of an adsorption praess
Utilities and chemical requirements of the adsorption process
Fuel consumed (9% furnace efficiency)MW 9
Wat er (°@Imiday 17 2159
Power kWh 1455
Steam at 16 kg/cmz, saturatedkg/h 28
Hydrogen consumptigiNm®/day 17.7
Soda consmption, kg 8.4
Hydrogen chloridekg 6
Catalyst consumptiqrkg 0.12
Source: [ 175 Meyers 1997 ][ 241, O. G. Journal 2000 ]

Emissions

Air emissions

Air emissions may arise from the process heg@ised in some designsjents and fugitive
emissions Other emissions are HCI (potentially in light ends from organic chloride added to
maintain the catalyst activity) from vents and fugitive emissionpressure reliefs on surge
drum, separators and column reflux drumegeneration vent gas from dryestorage and
handling operationsand spillage (hydrocarbons)Releases of hydrogen may occur from
pressure relief on the hydrogen systelfroduct stabilisationhowever does result in small
amounts of LPG (6&C,, rich in i-C4) and in stabilisr vent (H+C;+C,) products The stabiligr
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vent products are usually usedrafinery fuel. In the chloridealumina catalyst isomerisation
design fuel gas is normally caustteeated to remove HCI

Process waste water

Potential releases into watémclude hydrocarbonsfrom the reflux drum boot drain and
spillages With the chlorided alumina isomerisation catalgssign additional waste water is
generated byspent sodium hydroxide from the scrubber systbnthis designthe process
waste water contains chloride saltaustic washtraces ofH,S and NH and hasa high pH.

Brine from the feed dryer (desiccantwater free CaG) contains dissolved CagLland
hydrocarbonslts flow depends on moisture content and is usually drained to the effluent
treatment plant

Residual wastes generated

Potential réeasesto landinclude hydrocarbons from spillages/contaminatedlecular sieves

and catalyst Calcium chloride sludge (or other desiccants) is the waste generated in this
process The a@talyst used in these processiss normally regenerated by the catalyst
manufacturersMainly platinum is then recovered from the useatalyst offsite Molecular
sieves can be used as feed drying ageim¢ flow and composition are plaspecific and the
spent molecular sieves are disposed of asraganerable solid waste
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3.17 Natural gas plants

Consumption
Water and energy consumptiavithin natural gas plasts shown inTable3.73.

Table 3.73: Example of utility consumption in natural gas plants(Norway)
Water and energy Existing plant New plant
consumption (Kéarstg Plant) (Ormen Lange Plant at Nyhamna)()
88 million Nnt/day of rich gay .
. o 70 million Nnv/day export gas
Capacity 840t/h unstabilised 8400 Nn¥/day condensate
condensate
Fuel gas 60 tonnes/h at full capacity |8 tonnes/h
Power (ga power)) 775 MW 2 X421 MW installed
Water (steam production 60 nt/h NA
. 14400 Nnv/h (Energy flux
Seawater cooling 44000 nifh ~160 MW for normal operations)

() Norske Shell operates the gas plant at Nyhamna for the processing of gas and erfdensitid
Norwegian offshor®©rmen Lange gas field
Source[ 217, Statoil 2000 JUpdated TWG NO 2010

Emissions

Emissions to air

The major emission sources in the natural gEbcessing industry are compressbaslers and
furnaces acid gas wastegugitive emissions from leaking process equipment, @npresent
glycol dehydrator vent stream®egeneration of the glycol solutions used for dehydrating
natural gas can relsa significant quantities of benzeneluene ethylbenzene and xylenas
well as a wide range of less toxic organics

Potential release routes for prescribed substances and other substances which may cause harm
are shown irmmable3.74.

Emissions of S@will result from gas sweetening plants only if the acid waste gas from the
amine process is flared or incineratdtbst often the acid waste gas is used as a feedstock in
nearby sulphur recovery (see Secti#23.5.2 or sulphuric acid plantswhen flaring or
incineration is practisedhe major pollutant of concern is §Qvost plants employ elevated
smokeless flares or tail gas incinerators for complete combudtialhwaste gas constituents
including virtually 100% conversion of HS to SQ. Little results from these devices in the way
of particulates smoke or hydrocarbons ,abecause gas temperatures do not usually exceed
650°C, no significant quantity of nitbgen oxides is formedEmission factors for gas
sweetening plants with smokeless flares or incinerators are preseifi@ole.75. Factors are
expressed in units of kilograms pe®@0 cubicmetres. Emission datdor sweetening processes
other than amine types are very meabtg a sulphur mass balance will give accurate estimates
for sulphur dioxide (S¢).
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Table 3.74: Releases to the environment commonly assoted with the natural gas processes
. . Spent Sand Acids/
Type of H,S | SO, | NOy €O, | Organic Oily N, | catalystd | corrosion | alkalis/
process CO, [compounds | waters
adsorbents| products | salts etc.
Onshore | ) iy AW W L
reception
Gas
treatment A() A A AW W L L
processes
Acid AO A A | A AW W L
gas processes
Nitrogen A() A A
removal
Hydrocarbon AW W
removal
Gas =~ Al A A
compression
Condensate A A AW L W
treatment
Field water W W
treatment
Flaresivents [AQ) [AQ)| A | A A
Gasstorage | o | A | A | A AW w L
sites
() If sour gas is being processed
NB: A: air, W: water, L: land
Source[ 173 HMIP UK 1997 ]
Table 3.75: Emission factors for gas sweetening plants
: 3
Amine kg/10° Nm° gas Comments
process processed
Particulate Negligible
Assumes that 10% of the HS in the acid ga
stream is converted to $Oduring flaring or
26.98 o . :
SOy (as SQ) incineration and that .the sweetening proc
removes 10056 of the HS in the feedstock
0.408() For an emission ratio of. 75 %
0.272() For an emission ratio of.80 %
CO 0.25()
Flares or incinerator stack gases are expecte
Hydrocarbons - L e
have negligible hydrocarbon emissions
NOy Negligible
Sources( )[ 172 MRI 1997 } [ 54, Gallaune et al2009 ]

Emissions to water

Routine procesderived liquid effluent produced by natural gas plants is normally derived
mainly from water arising from the drying of the gas and associated condértsateffluent
principally occurs as condensectatn from the glycol or methanol regeneration plants and
usually contains a number of organic contaminantduding glycol, methanal aliphatic and
aromatic hydrocarbongmines and mercaptariBhe presence of these contaminants typically
causes the effent to have a very high biochemical and chemical oxygen deraedorocess

of refining natural gas which contains mercury can generate waste water which contains that
metal

Solid waste
Natural gas refining gives rise to relatively small quantitiesrotgss wasteg hese typically
include occasional disposal of spent catalysistivators corrosion inhibitors absorbents
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adsorbentsfilter carridges separator dustsetc. and they may be contaminated with trace
amounts of hydrocarbon§ome naturalyas sources contain traces of Hg which should be
collected (generating spent adsorbent) and safely disposderoevery 1000kg of sludge
treated 12kg of metallic mercury is producedotal sludge production within some Dutch
natural gas plants is oaverage 25@onnegyr, with a maximum of 40@onnegyr. This
corresponds to B5 tonnes of mercurgnnually
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3.18 Polymerisation

Consumption

The reactions typically take place under high pressure in the presence of a phosphoric acid
catalyst Typically 0.2 gramsof phosphoric acid are consumed to produce 1 tonne of polymer or
1.18 kg of catalyst (phosphoric acid + support) per tonne of prodiathlyst life is normally

limited from threeto six months depending on unit size and operating conditidhgypical

unit, capable of producing 25 tonnes of polymerised gasoline peisdeystomarily filled with

12 tonnes of catalyst

Caustic solution is used to remove mercaptans from the propene/buterfelfeedd by amine
solution to remove hydrogen sulpbjdhen water to remove caustics and amingss finally
dried by passing through a silica gel or molecular sieve dryer

Table3.76 shows the typical utility consumption of a polymerisation pracess

Table 3.76: Utility consumption in polymerisation process
Utility Consumption Unit
Electric power 207 28 kWit of product
Steam 077 1.1 t/t of product
Cooling water 447 6.0 t/t of product
Source[ 175, Meyers 1997 ]

Emissions

Emissions to air

Potential releases into ainclude hydrocarbons from pressure relielgorage and handling
operations spillages and water and wastsahargesand of particulate matter from catalyst
fines, from handling and disposal of spent catalyStdphur dioxide andH,S may arise during
the caustic washing operation

Process waste water

Potential releases into wateclude hydrocarbons fromair water purge from theash tower
condenser drains and spillagaad of particulate matter from spillages of catalyst fingaste
water streams will contain caustic wash and sour water with amines and merciipéanmest
important parameters argS, NHs;, caustic washmercaptans and ammonand low pH (27 3)
due to the phosphoric acid

Solid waste generated

Spent catalyst containing phosphoric acidhich typically is not regenerateds occasionally

disposed of as a solid wast@otential releass into landinclude acids in solid form and
hydrocarbons from spent cataly$ypically, 0.4 grams of used silicaredisposed of per tonne
of polymer gasoline produced
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3.19 Primary distillation units

Consumption

Despite the high level of heat integratiand heat recovery that is normally appliedude
distillation units(CDU) are among the most intensive enecgysuming units in a refinery
because the total volume of crude oil being processed has to be heated to the elevated
processing temperature 860°C. The overall energy consumption of a refinery is normally
dominated by a few procességmospheric and vacuum distillation account fori3%0 % of

the total process energy consumptifalowed by hydrotreating with approrately 181 20 %

[ 177, WRA 1999 ] The various processes downstream of the CDU make use of the elevated
temperatures of the product streams leaving the CIhid number of sidetreams in a high
vacuum unit is chosen to maximise heat integration of producing streams at different
temperaturegather than to match the number of products requirkd utility requirements for

the atmospheric and vacuum distillation unitssivewn inTable3.77.

Table 3.77: Utility requirements for atmospheric and vacuum distillation units
Type of unit Fuel Electricity Steam consumed %ooling water
(MJ/) (KWh/t) (kglt) (m°/t, pT=17°C)
Atmospheric | 4007 680 471 6 257 30 4.0
Vacuum 40071 800 157 45 207 60 315

NB: Replacement of the steam ejectors by vacuum pumps will reduce steam consumpt
waste water generation but increase the electricity consumption
Soures [ 168 VROM 1999 ][ 204, Canales 2000,] 207, TWG 2001 ]

Emissions
Air emissions
Potential releases into air are from

1 Flue-gases arising from the combustion of fuels in the furnaces to heat the crude oil

1 Pressure relief valves on column overheads; relief fromheasl accumulatserare piped
to flare as well as the vent points

Poor containment in overhead systemsluding barometric sumps and vents
Glands and seals on pumpempressors and valves

Decoking vents from process heatddsiring furnace decokingonce or twice a year)
some emission of soot can occuthe operation is not properly controlled in terms of
temperature or steam/air injection

Venting during cleafout procedures

Some light gases leaving the top of the condensers on the vacuiliatidis column A
certain amount of nenondensable light hydrocarbons and hydrogen sulphide passes
through the condenser to a hot welhd is then discharged to the refinery sour fuel
system or vented to a process hedtare or other control device destroy hydrogen
sulphide The quantity of these emissions depends on the size of thethenitype of
feedstock and the cooling water temperatufebarometric condensers are used in
vacuum distillation significant amounts of oily waste water candmmeratedOily sour
water is also generated in the fractionatdrise emissions of necondensables from
vacuum ejector set condensare between 50 and 200 kgdtepending on furnace design
and type of crude and throughpthey include hydrocarbons @ii,S.

| Fugitive emissions from atmospheric and vacuum distillation units account for
571190t/yr for a refinery with a crude capacity offVt/yr [ 155, API 1993 ]
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Table 3.78 gives some examples of the air emissions generated by the atmospheric and vacuum
distillation unitsof two European refineried his table includes the emissions from combustion
of fuels in the furnaces

Table 3.78: Examples of air emissions generated by crude oil and vacuum distillation units
. Fuel .| Throughput . .
Installation |consumption (thyr) Units | SO, | NOx | CO CO, Particulates

(GWh/yr) y
CbhuU 8500000 | mg/nT | 35 | 100 | 100 5
TOTAL 11388 Crude oil tiyr 35.2 | 1004|1004 | 220927 5
Mittel
Deutschland kg/t feed|0.004{0.012|0.012| 26 0.001
Vacuum 4500000 mg/nt | 35 | 100 | 100 5
distillation 6395 Atm. Res tlyr 19.8 | 56.6 | 56.6 | 182252 2.8
TOTAL
Mittel kg/t feed| 0.004(0.013|0.013| 41 0.001

Deutschland
(Y Raw gas was treated in a figas desulphurisation (Wellmdrord).
NB: Data are related to yearly averagéo O,, dry conditions
For the emissions from th€OTAL Mitteldeutschlandrefinery, only limit values are givenLoads an
specific emissions are calculated
Source[ 194, Winter 2000 ]

Process waste water

Process waste water generated in the atmospheric distillatisrisiD8 i 0.75 nt per tonne of
crude oil processedt containsoil, H,S, suspended solidghlorides mercaptanspheno| an
elevated pkHand ammonia anthe caustic soda used in column overhead corrosion protection
It is generated in theoverhead comensers in the fractionatorsand can also become
contaminated from spillages and leakbe overhead reflux drungds oildryer condensator)
generates .6 % water on crude +.5% steam on feedwith a composition of 10 200mg/I
H,Sand 10i 300mg/l NHs. Sour water is normally sent to water stripper/treatment

Waste water (sour water) is generated in the vacuum distillation units from process steam
injection in the furnace andthe vacuum tower It contains HS, NH; and dissolved
hydrocarbons|f stean ejectors and barometric condensers are used in vacuum distillation
significant amounts of oily waste water can be generatd® (r#/h) containing also b5, NHs.

Residual wastes generated

Sludges can be generated from the cleaningof the columnsThe amount depends on the
mode of desludging and the base solid and water content of the crude prothesethge of
solid waste generation from a crude unit ofl@t/yr ranges from 87 20 t/day
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3.20 Product treatments

Consumption
Gasoline sweetening
Utility requirements ira gasoline sweetening process sinewn in the table below.

Table 3.79: Typical utility consumption of a gasoline sweetening process

Electricity Steam consumed Caudic
(KWht) (kglt) (kaft)
17 10 107 25 0.027 0.15
Sources[ 204, Canales 2000,] 168 VROM 1999 ][ 175 Meyers 1997 ]

Catalytic dewaxing

Catalytic dewaxing catalysts typically lastx to eight years During that time they are
regenerated as needédypical cycles lastwo to four years between regenerationilities
needed in the catalytic dewaxing process are summarised in the following table

Table 3.80: Typical utility consumption of catalytic dewaxing units

Utilities for a feed capacity of
3500 tonnes per stream day

Power kW 5100
Steam (tracing only) | Minimal
Cooling waterm*h 80
Condensatan®h 4
Fuel absorbedviW 23084

Source[ 175 Meyers 1997 ]

Emissions

Air emissions

Potential releases into air from oxidatiextraction processesclude hydrocarbonssulphur
compounds €.g. disulphides) and nitrogen compounds from sour water drgmessure relief
valves vents from feed @sselsspillages and leakages from flanggsinds and seals on pumps
and valved particularly from overhead systems and fugitive emissiBngssions may occur
from the spent air from the disulphide separator that contains less than 400 ppm of disulphid
and is normally incinerated

Process waste water

Producttreating processes dmt generate much waste wat€he potential releases into water
are from spillages and leakages (hydrocarhoasyl the sulphur and nitrogen compounds
arising from inadecate stripping performance

Residual wastes generated

In the extraction procesan oily disulphidewaste stream leaves the separdttwst refineries

are able to regenerate their spent caubtit sometimes they have to dispose of some excess
quantitiesof spent caustianainly from caustic pmash activitiesUsually these quantities are
small and can be managed within their effluent treatment system or they are disposed of
externally via contractors or may lreuse elsewhere From the extraction prosg the
disulphide recovered can be sold as prodoictecycled to a hydrotreater or incinerat®éhe
amount of spent caustic generated varies betwe@na@dl.0 kg/tonne feed and contains
sulphides and phenol¥he @ncentration of organic compounds dpent caustic solutions is
typically higher than 5@/1.
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Table 3.81: Typical emissions from the catalytic dewaxing process

Catalytic dewaxing process

Air

Waste water

Solid wastes

Flue-gasfrom fired heate
VOCs may arise from venting
during catalyst

regeneratiofieplacement
procedures and cleaning

None

Potential releases into land are from disposa
spent catalytic dewaxing cataly$60 tyr for a
50000 tyr hydrofining process)

Spent NiW cataly$s containing sulphur and carbg
sent to specialised offite regeneration companie
After two to three regenerations catalyst is
disposed of and subjected to metal reclaiming
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3.21 Storage and handling of refinery materials

Consumption

No energy or praess material is required fbalancing linesdouble sealsr floating roofs on

tanks However some tanks need mixers (a heavy user of power) and some need heating too
Handling refinery materials alsmequires electricity for the pumps that move the miate
through the pipes

Emissions

Air emissions

Air emissions and more specifically VOC emissigraze the main emissions that occur during
the storage and handlirgf refinery materialsEmissions from hydrocarbon liquids in storage
occur because ofvaporative loss of the liquid during storage and as a result of changes in the
liquid level Even if equipped with floating topstorage tanks account for considerable VOC
emissions at petroleum refineriddoreover fugitive emissions in storage systear® mainly
from imperfect seals or tank fittingghe amount of emissions from a particular tank will
directly depend on the vapour pressure of the product stéretudy of petroleum refinery
emissions found that the majority of tank losses occurredighrtank seals on gasoline storage
tanks[ 161, USAEPA 1995 ] Since that timgemissions from gasoline tanks in Europe have
been significantly reduced by the installation of tcohmeasures mandated by Directive 94/63
on the control of VOC emissions resulting from the storage of petrol

VOC emissions from storageanrepresent more than 40 of the total VOC emissionis a
refinery. The emissions from tanks have been estimbtedsing API estimationg 100, API
2002 ] As an exampletheseemissionscan lead t0320 tonnes per year from the storage
systems It is a much lower figure than the one cdided from the DIAL measurements
1900tonnes per year for a refinery processing 11 million tonnes pef & Janson 1999, ]
However APl methods have been updated andagferlosses can be predicted with acceptable
accuracy] 202, Dekkers 2000.]JA CONCAWE study] 186, Smithers 1995 jwas thefirst trial

of DIAL where measurements were conducted over a reasonably long aedsbowed that
there wasreasonable agreement between DIAL and the latest API estimation methods as to
when the test times were long enoughthat case the estimation methodas acceptable to
provide annual inventory valuek is importantto take into account thahe APl emissions
factor method assumes that no technical problems occur with the considered tank

DIAL and SOF hae now been useddr over 20 yearse.g.at Swedish refineries and in France
Belgium the Netherland and the USThese monitoring campaigns all give higher results for
emissions than calculation the beginningin Sweden the difference was often close to a
factor 107 15. Over the yearghe factor has become smajlbut a factor 2 5 is still common
(see also Sectioh.26.1.3.

When transferring liquids to vessels at atmospheric pregh@eapour phasie the receiing
vessel comprising both the vapours existing in the vessel prior to loading and those generated
by evaporation of the loaded liquid often emitted to atmosphe®@uch loading operations are
recognised as having an impact on the environment dueet@ritssence of VO£ VOC
emissions from blending come from blending tankedves pumps and mixing operationhe
amount depends on design and maintenance of the sys&hwugh barge loading is not a
factor for all refineriesit is an important emissins source for many facilitie®ne of the largest
sources of VOC emissions identified during the Amoco/USAEPA study was fugitive emissions
from the loading of tanker bargdshas been estimated that during the loading of products with
high partial prease 0.05 % of the throughput can be emitted to the Ais previously stated
through the impact dDirective 94/63 air emission$iave been significantly reduced in Eurppe
includingthosefrom thebarge loading of gasoline

VOC emissions to the airdm cavern storage of hydrocarbon materials can be prevbyted
connecting the gas spaces of several caysorthe breathing gases when filling one cavern are
led to the other cavernk the case of only one cavethe breathing gases must be sent & th
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air. For a given producthe VOC emissiongrom cavern storagare generally slightly lower
thanfrom a conventional aerial vessel (of group of vessels) of the same capaditige yearly
average temperature of storage is lower {®°C).

Waste weer

Leaking flanges and valves may contaminate rainwaiére amount depends on the
maintenance servic&iquid tank bottoms (primarily water and oil emulsions) are periodically
drawn off to prevent their continued build.uphat waste water is contamindtavith tank
product Oil levels of up to 5 g/l in tank water bottoms can be fond59, WB 1998 ]
However if the drawoff rate of the water is too higloil can be entrained ith the watey
thereby giving a false high reading of oil in the water

Groundwater leaking into underground storage systems (caverns) should be pumped out and led
to the waste water treatment system of the refirfidrg amount of water depends on thidsy

of the rock and how carefully the fractures in the rock are sealed by injection of concrete

[ 199, Lameranta 2000. [The quality of waste water depends on the produatr(aie) wich is

stored in the caverypically the waste water contains mgdarbons as emulsion and water
soluble components of stored liquiBome examples of waste water generated by cavern
storagearegiven inTable3.82.

Table 3.82: Examples of waste water generated by caverns
Volume of the Seeping water| _ Amount of hydrpcarbons_
Cavern Product removed | discharged after oil separation
cavern (nT) 3
(m7yr) (kalyr)
A 40000 Light fuel oil 22300 49
B 2X75000 |Heavy fuel oil 25800 104
C 50000 Light fuel oil 36900 40
D 105000 Light condensats 140 NA
E 52000 Propane/butane 80 NA
F 150000 Propane/butane 150 NA
G 430000 Heavy fuel oil 50000 76
H 100000 |Car fuel (diesel) 5000 NA
I 100000 Car fuel (petrol) 3000 NA
Source[ 199 Lameranta 2000 ]

Waste and soil contamination

The primary subsurface (soil and groundwater)tamination threats posed by abay®und
storage tanks include the disposal of sludges from the bottoms of the tanks during periodic
cleaning of tanks for inspectionsss of product from the tanks during operations such as tank
water drainageand produt leakage to the ground caused by tank or piping failures or
overfilling accidents Spills may resultin contaminationof soil from handling processes
especially in loadingmainly due to human erroBtorage tank bottom sludge contains iron,rust
clay, sand water, emulsified oil and waxphenols and metals (lead for leaded gasoline storage
tanks) Table3.83 shows some analyses of sludges taken from the sewerage system around tank
storage facilitiesThe analysesre unique to that site and are reproduced to show what may
occur.
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Table 3.83: Composition of the sludge taken from four different sewer systems close to the
storage tanks

Species (tw-l;a(rj]il;fgilaif gt\gvfrrcse s) Gasoline tank Distillate tank field
field sewers sewers
Source 1 Source 2
Solids 92.7% 91.2% 81% 97.0%
Oll 7.3% 8.8% 19% 3.0%
Carbon 26.9 % 27.1% 44.9 % 58 %
Hydrogen 10.2% 151 % 7.8% 7.3%
Nitrogen 1.2% <0.6 %() 0.4% 0.6 %
Sulphur 64441 70034 58222 13514
Iron 250000 174024.0 622220 105326.0
Magnesium 93170 26950 44300 13310
Sulphide 8327.0 36248 43259 42389
Aluminium 41930 39690 81480 31800
Nitrate 22904 10.8 91.9 8.9
Sodium 11800 7720 7700 4450
Sulphate 1037.3 1655 19.3 39.7
Xylene 7469 <4.2() 11215 4.0
Toluene 4783 <4.2() 794.1 4.0
Ethylbenzene 1584 <4.2() 106.8 4.0
Naphthalene 1304 27.6 - 25.8
Benzene 80.7 <4.2() 356 4.0
Phenol 714 1295 - 69.6
Nickel 68.3 1061 5007 1908
Lead 55.9 4924 3081 2345
Chromium 35.4 70.5 1541 815
Pyrene 30.0 <1050() - 39.0
Carbonate 29 2.0 0.3 0.3
Vanadium 27.0 72.0 49.0 25.0
Antimony 19.0 42.0 15.0 20.0
Phenols 186 <1051() - 39.3
Fluorine 155 <1051() - 39.3
Benzo(a)pyrene| <7.8(") <1051() - 39.3
Selenium 7.0 <4.0() 4.3 5.0
Arsenic 5.0 16.1 145 15.9
Mercury 4.0 1.6 9.5 0.2
Cyanide 0.6 1.0 0.5 0.7
Calcium <0.3() 392610 131850 117250
()  Belowdetectionlimit.
(') Estimatedvalue kelow cetectionlimit.
NB: Figures quoted on a moisture free baailsunits mg/kg unless otherwise stated
Figures do not sum to 138 because of double counting
Source[ 156, MCG 1991 ]
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3.22 Visbreaking and other thermal conversions
3.22.1 Visbreaking

Consumption
Table3.84 representshetypical utility consumption for a visbreaker

Table 3.84: Utility consumption of a visbreaker
Utility (unit) Consumption range

Fuel (MJ/t) 4007 800
Electricity (kWh/t) 107 15
Steam consumed (kg/t) 57 30
Cooling water (nt, &2 T = 1Q) 271 10
NB: The power consumption given is for furnace cracking
Sources{ 168, VROM 1999 ][ 204, Canales 2000 ]

For visbreakingfuel consumption accountsrf@about 80% of the operating costsvith a net
fuel consumption of 1 1.5 % w/w on feed Fuel requirements for soaker visbreaking are about
307 35% lower.

Emissions

Air emissions

Air emissions from visbreaking include emissions from the combustiduets in the process
heatersvents and fugitive emissioné sour water stream is generated in the fractiondtoe

gas produced contains$land should be further treatétyydrogen sulphide and mercaptans are
released from the sour water stream frofffurecondensersHydrocarbons are released from
pressure reliefs on reflux drums and vessstisrage and handling operatiorsgillages and
discharges of wasteater. Particulate emissions occur during furnace decoking and cleaning
operations about twica year

Table3.85 shows the air emissions from visbreaking processa&uropean refingr.

Table 3.85: Example of air emissions generated by visbreaking prosses
Fuel Throughput
Installation | Consumption (Mt?rr)) Units SO, | NOx | CO | CO, |Particulates(’)
(GWh/yr) y

TOTAL mg/nt 35 100 | 100 5

Refinery 59

Mittel - 3066 1.20 tlyr 13 506 | 1.4 480 0.3
Deutschind kg/t feed| 0.011 | 0.042 | 0.001| 50 0

Emissions fromlOTAL Mitteldeutschlandefinery. only limit values are giverloads and specific emissions w
calculated

NB: Data are related to yearly averagéo O,, dry conditions

(") No information available on PM size

Source[ 191, UBA Austria 1998 ]

Process waste water

The fractionator overhead gas is partly condensed and accumulated in the overhead drum to
separate into three phaseshydrocarbon gas stream hydrocarbon liquictream and a sour

water streamThe sour water stream should be sent to the sour water stripper for purification

The flow of waste water generated in the visbreaking process from the sour water drain is
around 56 litres per tonne of feedstotkepresats betweerl and3 % v/v on feed intake

214 Refining of Mineral Oil and Gas



Chapter 3

Table3.86 shows the range of composition of the visbreaker waste water

Table 3.86: Typical composition of the waste \ater produced in visbreaking
Substance or parameter Concentration (mg/l)
PH High
Free oil 5071 100
COD 50071 2000
H,S 107 200
NH; (N-Kj) 157 50
Phenols 57 30
HCN 107 300

Solid wastes generated

The waste generated in visbreaking comes frarctbaning and turnaround of the procdisis
generated discontinuously at a rate ofi2P5 tonnes per year for a 5 million tonnes per year
refinery. It contains between 0 and $0oil/sludge

The followingsections cover the emissions arising frofimesy processes that are used for the
treatment of waste gasvaste water and solid wast&hesetechniques are described in
Chapterd (Sections4.23 to 4.25. The nain objective oftheseprocesses is to reduce the
concentration of pollutants in the effluenBbviously the loads and concentrations of pollutants
in thesestreams will be reduced theseprocessesbut some pollutants will remain in the
streams and o#s may be generated hat is the purpose of the next three secti@msissions
from the refinery as a whole are included in Sec@idn

3.22.2 Thermal gas oil units (TGU)

Emissions
Table3.87 shows the emissions to air from one European thegaal oil unit in OMV
Schwechat refinery (Austria)

Table 3.87: Example of emissions of a thermadjas oilunit in a European site
Fuel Annual
Installation | consumption capacity Units SO, | NOy Cco PM
(GWhlyr) (tonnesyr)
TGU OMV mg/nt 0 |27i38|27i16| 1
Schwechat 4501 730000 tlyr <0.1 | 417 9.3 1.3
All dataare monthly averages from 20091&t% O,
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3.23 Emissions from waste gas treatment techniques

This sectionincludes endof-pipe or abatement techniqués CO, CO,, NOy, particulates
sulphur compoundd/OCs, andcombined techniques for the abatement of air pollutaaisur
and noise

3.23.1 Sour gas treatments

The sour gas is setd the refinerysour gas treatment system which separates the fuel gas so
that it can be used as fuel in the refinery heating furnddes area of the amine treating unit
poses health risks because of the presenceS)fpldssibly by inadvertent leakages

3.23.2  Sulphur recovery units (SRU)

In 1995 the average percentage of sulphur recovered in the SRU represer@ét af2the
sulphur entering the refinery with the crude. dttom the data gathered for a sample of
50 European sites by the Technical Worki@goup (TWG) set up for the review of this
document this percentage canebestimated for the period 2007 2008 at 44.7 %
(50thpercentile) However this median value hides a rather wide range of site performances
from 107 % to 799 % (5th to 95th peradtile).

Sulphur is recovered in sulphur recovery unggtensively described in Sectigh23.5 As
already shownin Figure3.12 and Figure3.13 in Section 3.1.2.4 they represent around
107 25% of the SQ emissions from refineriesven if the fuel gas volume from SRU represent
only around 15 % of the total fluegas volume emitteby a refinery

The sulphur recovery yield of SRU operated in a sample of 47 European sites is diaplayed
Figure3.36. Values reflect the overall SRU performandecluding the utilisation factor
achieved byhe whole set of available treatment lin€ke installed base of SRU has a recovery
ranging from93 % to 9999 %, with a median valuesQth percentilearound 98 %.
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Figure 3.36: Sulphur recovery yield range of SRUs operated in a sample of 47 European sites

From the questionnaire data collectiomn SRU, SO, emissions range fronb0 to
52 000mg/Nn?. Emissions frortheseunits typcally contain some b5, SO and NQ.. They
also generate process waste water that contdi$s NH;, amines and Stretford solution
Residual wastes are spent cataly3tise next table showsne example of emissions from
European refineries

Table 3.88: Examples of air emissions generated by sulphur recovery units

Fuel
Installation | consumption Throughput

(tlyr) Units | SO, |NOx | CO | CO, |Particulates(’)
(GWh/yr)

SRU mg/nt | 4322 | 200 | 100 50
TOTAL 1314 90000 of | tiyr [11256] 521 |26.0]25492 13
Mittel- sulphur kgt
Deutscltand food | 125 |058(0.29| 2832 0.15

NB: Data are related to yearly averagés O,, dry conditions
Forthe Mitteldeutschlad refinery, only limit values are given
Loads and specifiemissions were calculated

() No information available on PM size

3.23.3 Flares

Flaring is botha source of air emissions arfths the potential tdourn valuable products
Therefore for environmental and energy efficiency reasdts use must be limitedna the
amount of flared gas reduced as much as posdibis generally restricted to unpiaed
shutdowns or emergency caseMore information is available inthe CWW BREF
[6, COM 2003 ]
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Consumption

The main utilities that flare systems will use are refinery fuel gas or nitrogen for purging the
flare headersfuel gas for the pilot burners and steam for heating purpétasever the
consumption of these utilities is very lamder normal operating conditians

Emissions

Flaring activity varies according to the remhe opportunity for refinery management
optimisation It may lead to extreme values during incidestsudowns or major maintenance
periods As an examplethe fllowing gives the evolution of the annual flare output for a
German refinery which faced a major maintenance period for the installation of a new technique
in 2007 as compared with theevenprevious years

Table 3.89: Evolution of the flaring activity according to annual maintenanceprogramme

2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007
Crude input  (Mt/yr) 3.08 | 342 | 340 | 343 | 353 | 341 | 335 | 253
Flare output  (t/yr) 704 | 201 | 560 | 1003 | 390 | 753 | 165 | 6155
Flaring ratio  (%q0) 023 | 006 | 016 | 0.29 | 011 | 0.22 | 0.05 | 243
Source[ 28, Tebert et aP009 ]

Another examplgfrom two refineries inSwedengivesthe following flaring ratia.

Table 3.90: Example of flaring ratio of two refineries in Sweden
Flaring ratio (%)
2008 2009
Preem Gothenburg refinery 0.6 0.6
Preem Lysekil refinery 0.8 1.0

Flares emit at least CQ@O,, SO, and NQ. Under specific conditiondlaring leads to soot
formation and VOC emissionSmall amounts otomplexhydrocarbonge.g. PAH), may also

be releasedBased or{ 86, SFT 2009 ] there isa clear link between soot formation and small
emissions of PAH compared tother sourcesEmissions of dioxins from flaring were
considered as meexisent mainly due to the absence of necessary formation conditions
Conditions for enssions of PCBvere regardgas highly unlikely

The composition depends amumber of factorsncluding the composition of flare gétaring

rate flare systemwind and combustion efficiency at the flare.tilares are a very important

point sourceof refinery emissionsSome plants still use olddessefficient waste gas flares
Because these flares usually burn at temperatures lower than necessary for complete combustion
(minimum 850°C), larger emissions of hydrocarbons and particukevellas HS, can occur

Noise from a flare has two componerftsw noise and combustion noisélow noise occurs

when the flare gas is flowing out of the flare #éiphigh speedThe greater the amount of flare

gas the more noiseCombustion noise is generdtin the combustion zon@ short intense

flame where the energy turnover is fast anddw volume generates more noise than if this
occurs in a larger volume
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3.24 Emissions from waste water treatment techniques

Large volumes of waste water amdeasedby the petroleum refining industryWaste water
treatment plants are advanced environmental protection systems for the control of surface water
pollution. However as this treatment is not complete the resulting discharges still contain
pollutants that aacontaminate the receiving environmeévibreover during treatment a portion

of the polutants evaporatdéeading to aedl emissions thahaybe significantdepending on the

type of treatment appliedrhe contributors to the influent of the treatmentcgess are the
desaltersstorage tank drainage systemsi®psystemand other processes that have direct water
product contacts

Process effluent volume can be compared to the volumes of process effluent discharged
(excluding oncéhrough cooling waterAlthough relatedthe values are not identical given that
there are other sources of water to the effluent system including rainwater on plant surfaces
water separated from crudeallast wateretc Moreover some water will be consumed by
evaporationbe used in chemical reactigretc As a general trendefineries are progressively
treating less crude or throughput compared to their capacity because of more complex refining
schems, products specificationgnd choicesg.g. more gas oiland less gagdine). Thus the

effluent volume per tonne of throughput also degeod the operations performed at the
refinery.

Table3.91 displays the data on water discharge volumes that b@en made available to the
TWG for 41 European refineriewith dedicatedwaste watetreatment plargt Data displayed
herearedrawnfrom released waste water Wehthosein Table3.3 are from consumption water

Table 3.91: Summary data on the volume of waste water frord1 European refineries
Type of waste water _Volume Unit . Range . Median .
discharged (5thi 95th percentiles) | (50th percentile)
Wastewaterfrom Annual million m°/yr 0.5571 10 2.58
proces§) Specific m/t 0.117 1.57 0.38
Waste watefrom aooling Annual | million m’/yr 01 212 0.9
Specific me/t 07 58 0.08
Potentially contaminated| Annual million m°/yr 0.0971 2.3 0.48
rainwater Specific me/t 0.027 0.2 0.08
Total waste water Annual miIIion3 melyr 0.5471 65 2.9
Specific m°/t 0.157 11.68 0.44
0 Waste water fromnocess Waste water annual relse reported as from process

Sources[TWG site questionnairesgnnual averages reported for 202607 or 2008 Dedicated WWTP

Emissions

Air emissions

1 The air emissions from waste water treatment plants stem from evaporation
(hydrocarbonsbenzengH,S, NH;, mercaptansfrom the numerous tankponds and
sewerage system drains that exptsar surfacesa air. The sewage systemnd the
waste water treatment in a refinery may be sources of odour nuiganteularly from
open drains and from oil separatok8OCs are also emitted during air stripping in
flotation units and in the biotreatdrhe HC emissions from the waste watgstems can
be determined by calculation from the exposed surface area of thentdiminated
untreated water tank (APl separator) and an empirical oil evaporation factor of
[ 167 VDI 2000

20 g/n? per hour for open oil separator;
2 g/n? perhour for covered oil separator;
2 g/’ per hour for flotation;

1
1
1
1 0.2 g/nt perhour for biological treatments
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Other methods to calculate emissions are available suclhead.itchfield correlation
[ 275, Litchfield 1971 ]

Emissions to water

Potential releases into water consist of the residual substances contained in the effluent after
treatment Depending a the nature of the refinery and the treatment efficietiogsemay

include carbon compounds (insoluble and solybligogen compounds (organic and inorganic;
oxidised and reducedpsulphur compounds (oxidised and reducednhd metals and their
compound. More informationon effluent composition downstreaoh a waste water treatment
based oraquestionnaire data collection (2008)ncluded in Sectio.1.3

Solid wastes generated

The limited information rgorted in the survey (for three unifsl66, CONCAWE 1999 ]
indicated an annual sludge production of abodD@ tonnes per year for a throughput of
GOOmz/h. The induced air itation generates 600 tonnes per year with a unit operating at
600m°/h.

Refinery waste water collection and pretreatment systems generate important amounts of solid
wastes that have beandirectcontact with hydrocarbons

1 Settleable solids (specifgravity greater than water) can separate fraaste water in the
collectionand primary treatment systenihe collection system can include individual
drain systems serving production areas as well as other areasedfby refinery
activitiesandmay include basins and/or tank systems to contain anthgegpeak flows
of storm water

1 Suspended solids (specific gravity less than or equal to water) may be separated and
extracted in gas flotation or sand filtration proces&erondary biological treatment
processes can generate important amounts of excess biosolid waste that must be
continually removed from the processs soluble substances are assimilated into new
biomass in the bioreactors

Table3.92 shows tle composition of the different sludges generated in the waste water
treatment plants
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Table 3.92: Examples of analysis of refinery sludges
Species API separator Activated sludge Settg?fﬂ?asm
Solids 90.4 % 94.3 % 99.7 %
Oll 9.6 % 5.7% 0.3%
Carbon 25.8 % 13.1% 1.7%
Hydrogen 131% 51.8% 6.3%
Nitrogen 0.6 %() 1.7% 0.5%
Sulphur 40733 94790 42140
Carbonate 0.3% 0.2% 0.1%
Iron 482690 109000 71310
Aluminium 43177.0 23220 48780
Calcium 116090 46920 81040
Sulphide 61802 21659 1037
Magnesium 48780 13510 1767.0
Sodium 17110 39810 39710
Xylene 4695 9.5 3.2
Naphthalene 2882 46.9 16.0
Lead 2790 49.3 15.2
Phenol 2650 46.9 16.0
Nickel 2525 37.9 8.8
Nitrate 2281 20664 1945
Toluene 1385 9.5 32
Styrene 1344 47 16.0
Vanadium 99.0 18.0 24.0
Ethylbenzene 825 9.5 3.2
Chromium 80.0 8.1 112
Fluorine 59.1 46.9 16.0
Antimony 49.0 14.0 5.0
Benzo(a)pyrene 42.6 46.9 16.0
Phenol 40.3 46.9 16.0
Selenium 354 26.0 9.0
Benzene 13.2 9.5 3.2
Sulphate 12.2 27678 2853
Arsenic 6.5 15.2 5.2
Mercury 3.0 1.0 0.0
Cyanide 1.0 7.0 0.7
()  Below detection limit
NB: Figures do not sum to 188 because of double counting
Figures quoted onmoisturefree basisall units mg/kg unless otherwise stated
Source[ 156, MCG 1991 ]
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3.25 Waste generation

An important issue when considering refinery waste is that therestdiranany differing
definitions between countrieghich makes comparisons of waste difficult

Sludges

The amount of sludge generated depends on the types of processes and the availability of
incineration As a common figurethe generation rate of sdlwaste and sludges is normally

less than & % of crude processedbut in some refineries is less than @ %. Annual sludge
generation was 250 kt per year (in 19933ome (2 % of refinery intake

In 1993 CONCAWE carried out a survey of waste imestern European refineries

[ 157, CONCAWE 1995 ]In this survey 89 refineries reported their sludge production from all
sources as one million tonnékhat means an average 1f 000 bnnesper year per refinery
This figure represents.® % of the crude oil processed kieserefineries However a
variation range from.8 % to less than 02 % was found in European refinerjegith the value
being independent of the type r&ffinery. From that million tonnes of wasté5 % was sludge
20% other refining wastes and the rest wefining wastesSludges come from stabilisation
processes (4 % of the total sludge generated after treatmemtgste water sludges (B%6)

and slidges with no treatment (55%).

The total amount of identified other refining wastes which are specific to the refining process
(e.g. spent catalyststank scalescontaminated soijsproduced in 1993 by the 89 European
refineries reporting was 2@83tonnes i.e. 0.04 % w/w of the total refinery throughputData
provided by 16 EU+ refineries show that the specific production of waste ranges from 133 to
4 200 t/million t of crude Table3.93 showsthe wasteroutes statistics for 2007 and 2009 in
refineries

Table 3.93: Waste routes and transfers irthe refinery sector in 2007 and2009

Type of waste and 2007 2009
transfer Routes Tonnes Number of Tonnes Number of
sites sites
Hazardous waste Disposal | 294000 103 405000 105
in the country Recovery| 306000 98 372000 103
Hazardous waste Disposal | 3000 5 4000 3
outsidethe country Recovery| 34000 30 19000 23
Total hazardous waste 637000 - 800000 -
Non-hazardousvaste Disposal | 372000 60 262000 59
Recovery| 53800 61 500000 64
Total non-hazardous 900000 i 762000 i
waste
SourcesE-PRTR and CONCAWE

Spent catalyst

Hydroprocessing requires the use of catalysts to remove impurities and ttdbevoil into
more useful productsThe catalysts used consist mainly of oxides of nickebalt and
molybdenum on an alumina carri®uring hydroprocessing operatigrise catalysts are loaded
with sulphur vanadium and cokeélhe porosity of the caligsts decreases and their activity is
reducedwhich eventually requires replacement of the catalyst in the reaCmmsequentlythe
catalysts become spent and must be replaced

Co/Mo catalystare used imydrodesulphurisatigmydrocrackingandhydrotreating A 5 Mt/yr
refinerytypically generatefrom 50to 200 tyr spent Co/Mo catalyst
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Ni/Mo catalystsare typically used in hydrotreaters and hydrocracking Uit Mt/yr refinery
typically generates 20 100 tyr spent Ni/Mo catalyst

Ni/W catlystsare used in lube oil hydrofinishin@here ardimitations for disposal in view of
the high tungsten content (24 w/w). A 50000 tyr lube oil plant can generate 5@rtof this
catalyst waste

FCC spent catalystsalso including heavy oil and sielue cracking spent catalysts (RC@de
the largest catalyst waste category in refineries (world produistavout 05 Mt/yr). A 1 Mt/yr

FCC unit generates 400500 tyr, predominantly as FCC fines if an ESP is installedr a
RCC, this amount can ba factorof 57 10 higher depending on théype of feed as spent
catalyst is withdrawn from the regenerator

Reformer and isomerisation catalysise exclusively reprocessed by the suppliers of the fresh
catalysts Replacement contracts have been tohed since the introduction of these processes
due to the very expensive noble Pt metal involvEgbical average amounts involve 20
25t/yr for a 5 Mtyr refinery. If necessaryguard beds of HDS catalysts are used for protection
and extension of théétime of the expensive catalysts

Hydrodemetalkation catalyststypically have high vanadium contents ({120%) and are
currently alumina based (used to be silid@)e annual amount for regeneration is in the order
of 5001 1000 tyr for Hycon (Stell Pernis NL) dependent on the feed quality

Zn-containing beddrom H, plantsare typically recycled to theirnc industry where ZnS ores
are processedmounts are some 50yt.

In hydrodesulphurisatigrhydrotreating and hydrocrackinthe world c#alyst production (and
thus also the generation of spent catalygi®w considerably during the 1990s amehs
estimated at 100 ktr (1998) At the same timeregeneration capacity was estimated at
125kt/yr. It was also estimated thafi 5.0 % of this cdegory of spent catalysts was still being
landfilled.

Table 3.94: Composition of spent catalysts from various sources i w/w
Process S C Mo V Ni Co Al Other
FCC, RCC <1 <1 47 8000() | 21 3000() 30
Reforming and 30 0.5Pt,
isomerisation P3a Rh
Hydro- 67 16| 107130 | 4718 | 2i 12 1i 2 1i 2 | 207 30
processing
Claus plant 5 5 47 8 27 3 207 30
Hydrofinishing 5 17 2 27 4 30 24 W
Hydrogenation| 57 15 0 30 Zn
Hydro- 154 15| 107 30 107 20 27 5 30
demetdli sation
() In ppm
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3.26 Monitoring

Thereis a specificdocument 46, COM 2003 Jon monitoring (MON)andan expanding series
of literature publised by competent authorities at federal and national leeets IMIP
Technical Guidance Notes ithe UK). These documents contain information on theory
methodology and related techniquds should be considered that the requirements and
frequency of sapling, analysis and type of monitoring requirements are sibel/or process
specific They are influenced by consideration of the anticipated volume and composition of the
waste streams arate included in the permit$he MON documentalso providegjuidance to
permit wriers on compliance assessment and environmental reporéind encourages the
comparability and reliability of monitoring data across Eurdpeenable the comparability of
data monitored in Europe, attention should be paid to differemitaring standards and the
reference conditions usefbr example Details on detection limits of current monitoring
methodse.g. for emisions to waterare available in the MON document.

This section aims to give recommendations on the scope and rfogggeontinuously or
discontinuously) of monitoring streams in a refindWlonitoring should be undertaken during
commissioning startup, normal operationand shutdown unless it is agreed that it would be
inappropriate to do so

The monitoring systemhsuld allow adequate processing and emission comrahonitoring
systemin a refinery generallincludes:

1 continuous monitoring of pollutants for high volume flows with high variability in
pollutant concentrations

1 periodic monitoring or the use of ession relevant parameters for flows with a low
variability and calculation based on higlality emission factors

1 regular calibrating of measurement equipment

1 periodic verification of measurement by simultaneous comparative measurements

In order to hae a good idea of the emissions generated by an installatigra (refinery) the
emissions need to be quantifiddhis will give the refinery and permitriter the ability to know
where the actions to reduce a certain pollutant may be more econonhyipedally abating
higher emissions at high concentratidssmore economial then lower emissions at low
concentrationsAs a consequencea quantification of the emissions for each single refinery is
the first starting point in any environmental assessmidris quantification may contain a full
mass balance also considering other distfaig. products)

3.26.1 Monitoring of emissions to air

SO, NOy, particulate matterand CO are typicallycontinuously monitored(online or
predictive) in the refineriefRRewrds of the volumes are also required for the calculation of the
load (tonnes of pollutant per year) or for the application of the bubble cofape3.95
shows the locations where the main air pollutants gieaily monitored in a refinery
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Table 3.95: Examples of the most common air emissiomonitoring in oil refineries

Parameter Example of monitoring Location where normally is measured

FCCunitregenerators

Sulphur recovery units.€. from tail gas incinerators)
Incinerators or furnaces used to burnrsgas or liquid
fuels

Bitumen production units

Gasification units

Coking processes

Coninuous ifP>30 MW
(except for natural gas)
Continuousf P >20 MW
anddesulphurisatiominit
(elsewhergdaily
estimation)or P>100 MW

Sulphur dioxide

Continuous if 530 MW
(except fomatural gas)
Continuous if P20 MW
and abatement unit

or P>100 MW

Combustion processes
FCCunitregenerators
Gasificaton units
Coking processes

Oxides of
nitrogen

FCC unit regenerators (for partial combustion ty
units if CO release is significant)
Combustion processes

Carbon Continuous ifP>10 MW
monoxide Continuous ifP >50 MW

Contiruousfor solid and

liquid fuels if >10 MW Combustion processes burning fuel oil
Not relevant for natral FCCunitregenerators
Particulate | gas or RFG (Examples Coking processes and petroleum coke calciners
matter from Austria) coolers

Continuous if° >50 MW | Gasification units
(Examples from France | Catalyst regeneratiom(g.reforming)
P expressed as MW th)

Other common emission components to air commonly monismesd

carbon dioxide

nitrous oxide

volatile organic compounds (VOCS)

heavy metals

hydrogen fluoride

halide compounds

ammonia(NH,)

hydrocarbons (as bairnthydrocarbonsUHC)
dioxins and/or POPs

= =4 =4 -—8_-a_a_a_9_-2

The following sectionsinclude monitoring practices that have been found in European
refineries

3.26.1.1 Sulphur monitoring

It can be expectethat the operators compute site sulphur badsnover appropriate time
periods as a part of monitoring their operatiohlse time period may vargccording tothe
circumstancese(g.how often feedstocks change) but could typically be quarierthe case of
SO, the amount emitted by combustion pesses may be calculated from the analysis of the
fuel being burntin some countries (@ France) a sulphur balance isstablishedlaily by the
operator and semhonthlyto the competent authorities

3.26.1.2 Emissions from combustion processes

The monitomg of emissions is carried out to determitie concentration of regulated
substances in thgue-gasunder standard conditiors® that they can be reporiext to control
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the combustion process @batement plantGaseous releases from gas turbines used f
electrical generation or gas compression are typically also monitored

In order to relate emission concentrations to mass relgasaif be necessary tdetermine the

gas flowby direct measurement or other meahdditionally, in order to relate masurements

to reference conditionghe temperature will need to be determin@tie determination of

oxygen and water vapour content may also be requirktbnitoring and averaging periods
required by the type of substances #mltechniques usedsoneal to be reported

3.26.1.3 Diffuse VOC monitoring

Diffuse VOC emissions are emissions arising from direct contact of gaseous or liquid volatile
organic compounds with the environment (atmospherder normal operating circumstances)
These can result fram

1 inherent design of the equipméatg.uncovered oil/wateseparators)

1 operating conditionse(g.noncollected vent of a fixed roof tank during loading)

1 or fugitive emissions caused by an undesired gradual loss of tightness from a piece of
equipment ana resulting leakFugitive emissions are a subset of diffuse emission

VOC emissionsfrom refineries come mainly frontdiffuse emissionsFour major diffuse
emissions sources can be identified

1 Fugitive emissiongrom leaking equipmenin the processraa such as valvedlanges
pumps safety valvesetc. They usually account f®071 50 % of the total refinery VOC
emission Emissions may also be high after stapt operations duéor exampleto a
poorly undertaketighteningof equipment

1 Crude oiland products storag&xternal and internal floating roof tanks are emission
sources because of evaporative losses that occur during standing storage and withdrawal
of liquid from the tank Emissionsfrom fixed roof tanksare due to the ventinduring
opemtions or to breathing due to variation of ambient temperatmgssions from
floating roof tanks occur from losses from seals and roof fittifgsy typically represent
207 40% of the refinery emissions

1 Loading and unloading facilitiesncluding road tankersrail tank carsbargesand sea
going vesselsThey account for 5 10 % of site emissions

1 Waste veter treatment plantsvhere a gradual release of VOR@ay occur at all water/air
interfaces Depending on VO@educing techniques applieWWTPs usually generate
51 30% of the total site emissions

Overview of available methods for detection/quantification

The main available methods with their respective field and scale of application are displayed in
Table3.96. It can be remarked that all these methods are complementary and all potentially
useful in order to build up an efficient monitoring programi®eme are appropriate for the
detection and/or the quantification of spot souredsereas others adevoted to area sources

and unitscale or even sitecaleglobal emissionsMoreover each of these methods enables the
monitoring of a different scope of VOC specias seen iTable3.97.

On one handit hasto be emphasised that calculation methods based on emission factors and
algorithms are reported to be unreliable and give significantly underestimated, results
particular for tank farmscokers and flares50, White.2008 ], [ 51, Chambers et #2006 ]

On the other handa CONCAWE reporf 62, CONCAWE 2008 ]highlighted the potential
errors introduced bywsing shorterm values forextrapolation to annuabnes due to the
temporal variations in the emissions from diffuse sourSese estimation algorithms.§.for
storage) hve been derived from extensive tests and are designed specifically to provide long
term estimatesHowever these calculation methods represent an average situation and do not
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take into account unexpected emissions causas defective sealscontaminéed cooling
water) In addition, refineriesneedto perform measurements obtain information orthese
unknown emission sources

Table 3.96: Overview of main available methods for VOC detection and quantication
Calculations Measurements
c
nu o ¢ N~ c —
CE |23 3% €52 30| 8 g 2o
85 82ef “28 22| 50 220 E
Type of diffuse VOC source | § & E ('7) Q5 8 Er: S o g @x/ 2 g';; <
65 SoEE vs: 8% sz 5R3 2
EZ 23<" oE@ " E o 5 =
Wws == 8= %) =
Small individual equipment 1
(pumps valves flanges etc) Q D/Q DO)
Storage tanks Q0 Q D | DIQ(® | DIQA)
Loading/unloading facilities Q DM | DIQ D/IQ
Water treatment plants Q Q DIQ() | DIQ(A) Q
Full scale unit/Whole site QM D/IQ D/IQ
NB: D = detection Q = quantification
(% The detection exhaustivenasgarding masBow ratehas to be confirmed
(%) Active area sources can be detected if they generate individual plaesin belistinguished from the rest g
the site and if emissions occur during the measurement
(® Algorithms designed for annual emission quantification
() Emission factors and algorithms cannot estimate the complete set of possible emissamssasulioperatin
conditions €.g.heat exchangerdefective floating roof seaglaccessible leaking equipmént

Table 3.97: Overview of VOC species according to the measuring method applied
Measurements
£s@g 88 .55 Es5: £
, = - = T cExX
VOC species = < § § 3o 23 52/ o gg < ccj
v335 &% 8z E&=" X
o C o £ o T
Alkanes Y Y Y Y Y (%)
Alkenes Y Y Y Y(®) Y (%)
Aromatics Y Poor(®) N Y () Y (%)
Cyclic hydrocarbons Y Y Y Y Y (%)
Methane Y Y N Y Y (%)
Total VOC Y Y Y Y Y

(Y When based on IR light

() When based on UV light

(® Poor for light aromatics when based on passive sys{26@9 data)
(%) With GC/MS used for speciatingrsales

Description, main features and limitations of most used measuring techniques

This section gives a short description of ttw&ir monitoring techniques based on actual

measuring which are most commonly used for the monitoring of diffuse VOC ensssi

Respective costgletection limits together with a comparison of their specific advantages and
drawbacks are summarised ihable3.99. Calculation methods cannot be considered

measurements and will not be ddéised in this section
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Method BN 154462008 conventi onal VOC 6sniffingo

This method was originally developed as a support for the implementation of a LDAR
programme (see Secti@n23.6.]) for the detectin ard ranking of leaking equipent pieces to

be repairedThe first step is the detectiots(iffingd which is achieved using haiteld VOC
analysers measuring témospherid/OC concentration adjacent to the equipmeastshown in
Figure3.37. The nost frequently used measuring techniques are the flame ionisation (FID) and
the photeionisation (PID) calibrated to operate in the range ofi1000000 ppmv The probe

is characterised by@esponse factéwhich takednto account the sensitivity to the actual VOC
mixture measured compared to a referenceagabadesponse timiédefined as the time needed

to register 9@6 of a concentration step chandoth factors greatly influence the results and
have to be optinsed according to the EN 15446 standards

Figure 3.37: Leak concentration measuremeni Figure 3.38: Bagging of a leaking valve

For mass flow quantificatignthe second step proposed by the standard method consists of
bagging the source component as showRigure3.38. This bagging is the only step of this
method allowing for a direct measurement at the source of emisto@rever as bagging is an
extremely burdensome operation and is not always possialthematical correlationurves

can be derived from statistical results obtained from a sufficiently large number of previous
measurements of both leak concentration (Step 1) and nmssS$tep 2) made on similar
componentsVery few refineries have developed such correlationezicorresponding to their

own set of componentselated VOC leakage mixtureand concentration measurement skills
and real practiced\lternatively they use generic curves from the literature based on extensive
measurement campaigns carried out on d8itias in thel950s1 1980s andl990s

Optical gas imaging techniques (OGI)

Optical imaging uses small lightweight haneld cameras which enable the visualisation of gas
leaks in reatime, s 0 t hat t hey oapyydearecordestogétieitinthe @addmal
image of the component concern&tis technique is primarily used to easily and rapidly locate
significant VOC leakse.g.on process componentstorage tanks fittinggipeline flanges or
vents Most current commercial OGI cameras faltenone of thesevo categories

1 Active systemwhere the image is produced by a bachttered IR laser light reflected on
the component and its surroundingie laser wavelength is optimised to be absorbed by
the VOC concerned

1 Passive systenizasedon the natural IR radiation of the equipment and its surroundings
The contrast of the VOC image is based on the plume IR absorption and the heat radiance
difference between the plume and its backgrodmdoptical filter selects the optimal IR
wavelengthaccording to the VOC nature

Detection limits are relate® the minimal thermal gradient for visualisatj@md will depend on
the gas temperaturehe distance from the sour@nd the wind speedlthough these arkigher
thanac hi eved DbQGI téchnologly tan mgré efficiently identify the main fugitive
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emission sourceghe mass emission rate is still not directly quantifiguecific work isbeing

donein order to propose and validate appropriate OGI emission factors based on comparison
with EN 15446 quantification on theame set of components in an actual.uniaddition the

US API also developed OGI leakAmak factors

Figure 3.39: An OGI video camera Figure 3.40: Typical visualisation of gas leak

Differential absorption lidar (DIAL)

DIAL is a lasefbased technique using differential adsorption LIDAR (light detectind
ranging) which is the optical analogueraflio wavebasedRADAR. As shown inFigure3.41,

the technique relies on the bastattering of laser beam pulses by atmospheric aerasolshe
analysis of spectral properties of the returned light collected with a telegepach molecule
present will absorb and-emit a typical lightthe returned beam acts as an optical signature of
the concentration of most molecules present between the DIAL source and the reflecting
particulate By sampling the returned light pulsapidly according to timeit is possible to
distinguish how far each sample of the light pulse has travelledtlaumsi locate it with the
precision of a few meds in optimum conditions

Pulsed
lasers

I el Telescope

[

4—| Electronics |
I

| Computer |—>

Off line

Return signal
Concentration

Online

Distance

Time delay

Figure 3.41 Scheme of the DIAL process
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The laser beam and the optical reception
system are rotated in order to cover a
plane crossing the atmospheric VOC
plume The result of it is atwo-
dimensonal map where the concentration
can be integrated as shown in
Figure3.42.

To obtain mass emission fluxthe
concentration data across the plume
section should be multiplied by the wind
velocity reported perpalicularly to the
measurement plane

Wind data availability accuracy and
representatieness are essential for
reducing quantification uncertainties

Typical sensitivities and maximum distance ranges are giva@iate3.98 for various emitted
VOCs and other compounds of interest. Sensitivities apply at a range of 220G 50m wide

plume.
Table 3.98: DIAL sensitivity and maximal distance range for various emted compounds
Infrared DIAL system UV/Visible DIAL system
Species Sensitivity | Max. Species Sensitivity | Max.
(ppb) range (ppb) range
Methane 50 1 km Benzene 10 800 m
Acetylene 40 800 m | |Toluene 10 800 m
Ethylene 10 800 m | |Xylenes 20 500 m
Ethane 20 800 m | [NO 5 500 m
Higher alkanes 40 800 m NO, 10 500 m
HCI 20 1 km SO, 10 3 km
N,O 100 800 m | |Ozone 5 2 km
Methanol 200 500 m | [Mercury 0.5 3 km

Various field validation measurementereperformed and gave the following results

T

)l
|l

Repeated DIALmeasurements downwind of a calibrated K@th) source of methane
agreed to within +/10 % of emitted value

Comparison with a line of pumped absorption tube samplers inside a chemical plant
agreed with DIAL measurements afiphatic hylrocarbons to witim +/- 12%, and
toluene to within +15 %;

VOC emission measurements from a petrochemical storage facility made by DIAL and
standard point sampling methods agreed to withi8 #4;

SO, plume fromatail gas incinerator (34kg/h) agreedo within -11 %;
NO plume from a gas turbine power plant k8gh) agreedo within +1 %.

However the overall uncertainty in industrial field conditions is evaluated at arouincb8%,
most of it from wind speed evaluatioA reduction of this uncertainty may be pids by
making wind measurements at various heightsiirtloseto, the DIAL scan planeAs with all
shortterm measurement techniqué®e extrapolation to provide values of annual emissions for
inventory purposes introduces further potential for eparticularly as the majority of refinery
VOC sources have significant emission variations with time
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Figure 3.42 Typical DIAL concentration map obtained with DIAL measuring system

Solar Occultation Flux (SOF)

The technique is based on the recording and spectrometric Fourier Transform analysis of a
broadband IR or UV/Visible sunlight spectra along a given geographical itineresging the

wind direction and cutting through VOC plumes

The system is permanently guidedth® sun

by a solar tracker mirrpmwhich reflects the
sunlight irto the spectrometer independerit
its position On short distance segments
identified by GPS coordinategathintegrated
concentrations in mg/mare calculated for
various species present between the sun and
the systemResults can be gathered on the
same map for the whole measuring itinerary
giving an overall shape @hain emitting areas
and associated concentrations as shawn
Figure3.43

The spectral retrieval is based ammultivariable analysis in which latecorded calibration
spectra from literature are fitted to thetual spectra measurddr all target species but also for
other interfering species like,8 and CQ. Alkanes which correspond (in mass) to the main
part of refinery VOCsare summed but cannot easily be distinguished due to spectral overlap
based orcommon GH bond vibration In contrast individual olefins can be measured with
good specificity Aromaics cannot be measured directly case of neectanister samples are
taken at various positions downwind of the target squand resulting mass digtiutions are

used for the calculation of missing concentrations in the plumepomrata basis

The overall uncertainty for quantification in industrial field conditions is evaluated
[ 32, Mellgvist et al2008 ] at around 35 40%. Most of it originatesfrom wind (speedand
direction) evaluationuncertaintyand retrievaluncertainty(combined effect of instrumentation
and retrieval stability on the retrieved total columnsrduthe course of a plume transect)
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Figure 3.43; Overall shape of alkane emissions from an oil refinery as measured with SOF
(the white arrow indicates the wind direction)

Figure 3.44: Detection of high leaking storages within a refinery tank farm using OF
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