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Abstract 

The aim of this thesis is to give suggestions on what measures to take to improve the VOC emission 
situation in refineries in Tianjin, China, through existing technologies in refineries in Sweden. This has 
been done by identifying the main places of leakage in oil refineries in Sweden, identifying what VOC 
compounds are emitted from the plants and the amounts emitted, mapping out different measures 
taken by oil refineries in Sweden to minimize VOC emissions, evaluating the different measures and 
suggesting how to move forward with VOC control in Tianjin. 

Six case studies have been done in Sweden; at Preemraff Lysekil, Shell refinery in Gothenburg, Berg 
depot Statoil Sweden situated in Nacka, Nynas refinery situated in Nynäshamn, Scandinavian Tank 
Storage situated in Torshamnen and Oxelösund harbor. Two case studies at Chinese refineries were 
made, PetroChina Dagang Petrohemical Company and China Petroleum and Chemical Corporation, 
Sinopec, Tianjin Branch, both situated in Tianjin Binhai New Area. 

Since the data retrieved from the Chinese refineries is insufficient to make a qualitative evaluation of 
the state of their VOC treatment it is not possible to propose measures for these two refineries. 
Instead this evaluation is focused on general problems and solutions at refineries and gives an idea of 
what can be done to improve the VOC emission situation at refineries. 

The report contains an evaluation of internal measures and technical solutions at Swedish refineries 
and other petrochemical companies. The evaluation is focused as much as possible on the Chinese 
situation. The technologies have been evaluated from an environmental, technical and economical 
point of view. This has resulted in recommendations for refineries that wish to enhance their VOC 
control. 

 

Keywords: VOC, VOC treatment, refinery, petrochemical industry, Tianjin, vapor recovery. 
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Sammanfattning 

Detta examensarbete har gjorts som en avslutande del i utbildningen Civilingenjör i Kemiteknik vid 
Kungliga Tekniska högskolan, Stockholm. Idén för arbetet introducerades av Östen Ekengren, IVL 
Svenska Miljöinstitutet, och har utförts vid IVL:s kontor i Stockholm. Den har handletts från 
Institutionen för Industriell Ekologi, KTH. 

Oljeraffinaderier släpper ut stora mängder VOC. På grund av den stora produktionsskalan och 
fabriksområdets omfattning är det svårt att veta hur mycket och vad som släpps ut. Lättflyktiga 
organiska ämnen (Volatile organic compounds, VOC) är organiska föreningar som har ett tillräckligt 
högt ångtrycker för att förångas under normala förhållanden. Stora mängder VOC läcker från 
oljeraffinaderier varje år. Tianjin är en industristad med stora investeringar. På grund av den stora 
industriella aktiviteten i området är VOC-problemen stora. En av de stora utsläppsbovarna är den 
petrokemiska industrin. Tianjin Academy of Environmental Science (TAES) har frågat efter Svensk 
teknik att minimera VOC-utsläpp från petrokemisk industri. 

Målet med detta examensarbete är att ge förslag på vilka åtgärder som kan tas för att förbättra VOC-
utsläppssituationen i raffinaderier i Kina genom befintlig teknik på Svenska raffinaderier. Detta har 
gjorts genom följande steg: 

 Identifiera de största utsläppsområdena på oljeraffinaderier i Sverige 

 Identifiera vilka VOC-föreningar som emitteras från raffinaderierna samt i vilken mängd. 

 Kartlägga olika åtgärder vid oljeraffinaderier i Sverige och i Tianjin, Kina för VOC-utsläpp. 

 Utvärdera de olika åtgärderna och föreslå hur man kan gå vidare med VOC-kontroll i Kina. 

Sex fallstudier har genomförts i Sverige; Preemraff Lysekil, Shell raffinaderi i Göteborg, Bergs depot 
Statoil Sweden i Nacka, Nynas refinery i Nynäshamn, Scandinavian Tank Storage i Torshmnen och 
Oxelösunds hamn, Oxelösund. Två fallstudier har genomförts vid Kinesiska raffinaderier; PetroChina 
Dagang Petrochemical Comapany och China Petroleum and Chemical Corporation, Sinopec, Tianjin 
Branch, båda placerade i Tianjin Binhai New Area. 

Eftersom otillräcklig data från de Kinesiska raffinaderierna har gjort det svårt att göra en kvalitativ 
utvärdering av hur långt de kommit i VOC-arbetet har det inte varit möjligt att föreslå åtgärder för 
dessa två raffinaderier specifikt. Istället har utvärderingen fokuserats på generella problem och 
lösningar vid raffinaderier och att ge en ide om vad som kan göras för att förbättra VOC-
utsläppssituationen vid raffinaderier. 

VOC från oljeraffinaderier med traditionell aktivitet består i huvudsak av alkaner, alkener och 
aromater där alkaner utgör den största delen. Alla dessa tre grupper förekommer naturligt i råolja. 
Vilka föreningar som förekommer i VOC-plymen från en fabriksanläggning beror på vilken råolja som 
används, hur processen ser ut och vilka produkter som produceras. Sammansättningen av VOC-
plymen varierar därför från raffinaderi till raffinaderi. 

De största emissionskällorna vid raffinaderier som producerar i första hand bensin och diesel är 
tankparkerna, speciellt under fyllning. Tankparker som innehåller råolja utgör den största 
emissionspunkten vid dessa raffinaderier. Den näst största källan är processområdet. Detta medför 
att tankparker och processområde är de områden där störst fokus på minimering skall ligga för 
raffinaderier med samma typ av verksamhet. Produktionen vid Nynas Refinery kräver en annan råolja 
Här är det processen som utgör den största utsläppskällan tillsammans med vattenrening. 
Uppvärmda bitumencisterner utan rening utgör också en stor utsläppspunkt. 
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Eftersom processområdet och tankparkerna har många potentiella läckpunkter är det primära sättet 
att minimera VOC-utsläpp tätning och underhåll på hela fabriksområdet. Införandet av rutiner för 
detta har visat sig mycket effektivt speciellt vid Shell raffinaderi. En annan idé skulle kunna vara att 
inkludera VOC-utsläppsmätning i on-line system för produktkvalitet. Detta skulle medföra ett inbyggt 
VOC-kontrollsysem. Detta har inte gjorts än men det kan vara värt att ta en närmare titt på. 

Kina har stort fokus på luktkontroll. Detta är bara en liten del av VOC-problemet. Metan utgör en stor 
del av utsläppen från råoljecisterner, vilka är vanliga luktbovar. För att eliminera lukt är adsorbtion 
med aktivt kol effektivt. Filtret fångar däremot inte kortare kolkedjor som metan och etan. För att 
eliminera dessa är förbränning den enda lösningen. Ingen luktsanerningsmetod som presenteras i 
denna rapport genererar någon vinst för företagen. 

Gasåterföringsanläggningar (VRU) har visats vara en gynnsam metod för att behandla emissioner vid 
tankning. En snabb överslagsräkning baserat på den återförda mängden bensin och diesel vid 
Preemraff Lysekil 2008 ger en vinst på 0,9 – 1,3 miljoner Euro/år. 

En stor andel VOC förbränns i fackla på raffinaderier. Denna gas skulle kunna användas som bränngas 
eller för energiåtervinning. Penningvärdet på energin i gasen som facklas är stor. Genom att 
installera en kompressor kan gas som skulle facklas användas som bränngas i raffinaderierna istället. 
Båda de studerade raffinaderierna i Kina angav fackling som den primära VOC-åtgärden. Man kan 
därmed anta att stora mängder gas facklas där. Detta visar att det finns mycket att tjäna på att hitta 
alternativa sätt att använda gasen. 

Flyktiga utsläpp är en stor del av VOC-källorna vid oljeraffinaderier. Utsläppunkterna beror på typ av 
råolja, process och produkter. Varje raffinaderi ar unikt och måste därför mäta sin a utsläpp. Vid 
mätning av ett helt fabriksområde med Solar Occulation Flux-metoden, som är en on-lineteknik som 
mäter VOC-utsläpp i from av alkaner, fås en bild av totala utsläppen från hela fabriken. Detta är till 
stor hjälp vid identifiering av problemområden och behandling av dessa. 

När VOC-behandling skall påbörjas vid ett raffinaderi rekommenderas följande: 

 Mätning av VOC över hela raffinaderiområdet 

o Använda on-lineteknik, så som SOF 

o Identifiera sammansättning av plymen genom kanisterprov etc. 

 Läcksökning / Underhåll 

Om följande tekniska lösningar går att applicera vid raffinaderiet föreslås det att de prioriteras. 

 Införa VRU-anläggning 

 Energiåtervinning (minimerad fackling) 

 Införa kommunicerande kärl 

För fortsatt arbete rekommenderas följande. 

Undersöka om det finns intresse och möjlighet att införa on-line VOC-konrollsystem eller on-line 
konstrollsystem för produktkvalitet. Är det tekniskt möjligt och ekonomiskt hållbart? 

För att kunna utvärdera miljöpåverkan av NMVOC från oljeraffinaderier har en studie av effekterna 
från emissionerna från Preemraff Lysekil och Shell Göteborg gjorts genom att använda 
karakteriseringsdata från databaserna CLM2001 och EDIP97. Detta resulterade i ett värde som ger 
hur många gånger fler de två raffinaderierna per ton satsad råolja bidrar till 
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ozonformationspotentialen och globala uppvärmningspotentialen i förhållande till 
årspersonsekvivalenten (vad en normalperson bidrar med per år). Det visade sig att de bidrar med 
mycket mindre än årspersonsekvialenten per ton råolja, 0,03 gåner för Preemraff och 0,02 gånger för 
Shell. Men med antalet ton råolja som processas per år i åtanke så blir oljeraffinaderierna en stor 
källa till miljöpåverkan. Toxicitetsvärdena visade att Shell hade mycket större andel toxiska utsläpp 
än Preemraff. I förbränning, som fackling, så förbränns VOC till CO2. Detta medför att VOC har en 
sekundär GWP. Om hänsyn tas till detta kan man se att den totala GWP av VOC främst utgörs av den 
sekundära effekten genom fackling. Denna utvärdering visar att miljöpåverkan är olika för olika 
raffinaderier, även de med samma typ av verksamhet. 
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1 Introduction 

1.1 Background 

Oil refineries are large emitters of VOC. Because of the size of the production and the size of the 
plants it is hard to know how much and what is emitted. Volatile organic compounds (VOC) are 
organic compounds that have a high enough steam pressure to evaporate under normal 
circumstances. They occur naturally almost everywhere but are also emitted from products and 
during activities in our surroundings [1]. These volatile organic compounds can affect both the 
environment and human health in a negative way. VOC contributes to the formation of ambient 
ozone which is the primary reason to why it needs to be tended to. [2] Also, some VOC compounds 
are toxic and some contribute to the global warming. Oil refineries refine crude oil so that it can be 
converted into products used in our every day life. Crude oil is mainly made up of hydrocarbons 
which makes it an excellent energy source. This implies that there will be a great deal of VOC in the 
plant. Because of the large plant area and the risk for leakages VOC is a great problem. There are 
large amounts of VOC emitted from oil refineries every year [3]. 

Tianjin is an industrial city that has large investments now in its eleventh five year plan. Because of 
the great industrial activity in the municipality the VOC problematic is large. One of the great 
emitting industries is the petrochemical industry. IVL Swedish Environmental Research Institute has 
since 1986 collaborated with the Chinese research institute Tianjin Academy of Environmental 
Science (TAES) and in 2001 they founded the Sino-Swedish Environmental Development Center Co, 
Ltd (SEC) in Tianjin. The Development Center was established to help implement sustainable 
development in China by transferring advanced environmental technologies form Sweden and other 
countries to China. Just recently, China has decided to decrease the emissions of VOC. [4] TEAS has 
asked for Swedish technology to minimize the VOC emissions from the petrochemical industry and 
are hoping to be able to use this report to see if Swedish technology for VOC treatment of emissions 
from oil refineries can be applied in the oil refineries in Tianjin. This report is meant to give 
suggestion on how to attack the VOC problematic at refineries in Tianjin and moreover, China. 

1.2 Aim and objectives 

The aim of this thesis is to give suggestion on what measures to take in order to improve the VOC 
emission situation in refineries in Kina through existing technology in refineries in Sweden. This will 
be done through the following objectives. 

 Identify the main sources of leakage in oil refineries in Sweden. 

 Identify what VOC compounds are emitted from the plants and the amounts emitted. 

 Map out different measures taken by oil refineries in Sweden and Tianjin to minimize VOC 
emissions. 

 Evaluate the different measures and suggest how to move forward with VOC control in Kina. 

1.3 Methods 

The work has been divided into three major steps: background facts and the Swedish case studies, 
the Chinese case study and an evaluation. The methodology for each is described below. 
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Background facts have been gathered through case studies of oil refineries situated in Sweden. The 
information has been retrieved through literature studies and interviews. Further information has 
also been collected through field visits at Preemraff Lysekil and Berg depot, Nacka. 

The Chinese case studies have been carried out at two oil refineries in the Tianjin municipality. The 
information was gathered through literature studies translated by the SEC office and interviews with 
people at the plants. Information was also retrieved through e-mail communication and information 
given from the SEC office. 

The evaluation was done through comparison of measures that could be taken to minimize the VOC 
emissions. The suggestions were based on the information gathered in the first two steps. The 
emission impact was calculated and evaluated using yearly person quota. Rough economical 
evaluations of technical solutions have been done. 

1.4 Limitations 

The work has been limited by the difficulty in retrieving relevant information from refineries in China. 
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2 Volatile Organic Compounds 

2.1 Definition 

Volatile organic compounds (VOC) are organic compounds that have a high enough steam pressure 
to evaporate under normal circumstances. The VOC are a large group of substances whose 
properties differ from each other a great deal. They occur naturally almost everywhere but are also 
emitted from products and during activities in our surroundings [1]. Some examples of VOC are 
toluene, styrene, ethanol and methane [5]. The definition of VOC according to the EC Directive 
1999/13/EC, VOC are compounds which at 239.15K have a vapour pressure of at least 0.01 kPa. 
Excluded from the definition are methane, ethane, organometallic compounds, and organic acids [6]. 

In this report however, methane and ethane will be included in the term VOC if nothing else is 
stated. This is due to the great environmental impacts of methane released into the atmosphere and 
the tendency of ethane to form ambient ozone. 

2.2 Environmental and health effects 

VOC is a large and varying group of substances. These can affect the environment and human health 
in different ways. Some substances are very active in the forming of ambient ozone, like ethane. 
Others are carcinogenic, benzene and formaldehyde, and others are a great health risks in other 
ways. Also, due to the VOC involvement in the formation of ambient ozone, VOC emissions have a 
great secondary effect on the environment and human lives. It has been seen that some VOC 
contribute to the global warming [7]. Methane is a great green house gas but other VOC also 
contribute to the phenomena [2]. 

2.2.1 Ambient ozone 

Ambient ozone (O3) is formed when sun light reacts with nitrogen dioxide (NO2) and nitrogen oxide 
(NO) and an oxygen radical (O*) is formed (E1). The oxygen radical then reacts with oxygen and 
ozone is formed (E2). Under normal circumstances the nitrogen oxide formed in the first reaction 
quickly reacts with oxygen and the nitrogen dioxide is re-generated and no net ozone is formed (E3). 

*2 ONOlightsunNO    (E1) 

32* OOO 
   (E2) 

223 ONOONO 
   (E3) 

When VOC are present in the atmosphere they produce peroxy radicals through oxidization. These 
radicals convert into NO2 or consume NO which competes with the natural reactions in the 
atmosphere resulting in less ozone being destroyed through reaction E3 and more being produced 
through reaction E1. VOC thereby increases the ozone concentrations in the atmosphere [8],[2].  

The reaction speed increases with temperature. The formation of ozone is time demanding and 
therefore high ozone contents can be detected far from the emission source. The ozone also varies 
as the topography changes [7].  
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Environmental and health effects 

There are well documented connections between exposure to ambient ozone and a daily number of 
mortalities and hospitalizations even in areas where the ozone content is low [7]. The toxicity of 
ozone is mostly concentrated to the lung. Effects that have been seen are inflammation reaction and 
effects on the lung functionality. Exposure of ozone with a concentration of 1000 μg/m3 for about 2 
hours results in symptoms such as coughing, shortness of breath and chest pains. There is a great 
variation in how sensitive individuals are to exposure. Exposure to ozone gives the same effects on 
asthmatic individuals as to healthy [9]. 

Ambient ozone also has a damaging effect on plants. Through the stoma of the plants the ozone 
enters the leaves which results in damages on cell membranes and enzymes, etc. The ozone 
increases the permeability of the cell membrane which causes the water usage in the plants to be 
less effective. The photosynthesis can be disrupted at the same time as there is a risk for the ozone 
to disrupt the function of the stoma. This results in the plants becoming much more sensitive to 
drought. Moreover they become susceptible to poisonous gases. There is also a risk of leafs leaking 
nutrients [2]. 

The emissions of VOC are local and have different effects dependent on the circumstances around 
the emission. The formation of ozone as mentioned before is dependent on the NOX concentrations 
in the environment. The effects of ambient ozone are mentioned above as being damages to plants 
and human health. This implies that the damage will be much grater in an area with many 
inhabitants and great agricultural activity than in the Sahara desert [10]. 

Ozone is also a green house gas which means that it contributes to global warming. When taking a 
closer look, the increase of ambient ozone brings about a decrease in atmospheric ozone and 
therefore the net effect becomes zero. 

2.2.2 Global warming 

The green house effect is the result of the ability of some gases in the atmosphere to absorb the long 
wave heat radiation form the earth. These gases are referred to as green house gases. The green 
house effect is a natural effect and is a pre-requisite for life on earth. The environmental problem 
usually referred to as the Global Warming (GW) is the enhancement of green house gases in the 
atmosphere [2]. 

The green house gases are water steam (H2O), carbon dioxide (CO2), methane (CH4), ozone (O3), di-

nitrogen oxide (N2O) and freons. As mentioned before the VOC interference in the ozone balance 
leads to formation of CO2. This indicates that VOC have a double effect on the global warming. But as 
mentioned earlier the net contribution of the ozone’s effect on the green house effect is zero. Ozone 
is therefore usually not included in global warming charts. Methane (CH4) is second to CO2 the most 
important green house gas. It is 25 times more effective than CO2. The contribution of the different 
green house gases to the natural effect compared to the GW can be seen in table 1 [2]. 
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Table 1. Contribution to the Natural green house gas effect and the Global Warming effect. 
 The cells marked in grey are substances included in or related to VOC [2]. 

Gas Natural 
effect 

GW 
contribution 

H2O 90 % ± 0% 

CO2 5 % 55 % 

CH4 













5 % 

~20 % 

O3 ± 0% 

N2O 6 % 

Freons 20 % 

Consequences of Global warming 

If the concentration of CO2 in the atmosphere doubles an increase in the world's mean temperature 
of 1.5 – 4.5°C can be expected. At the equator the difference will be smaller than in the northern and 
southern latitudes. If transforming all green house gases to CO2 equivalents this duplication is 
calculated to occur sometime between year 2030 and 2050. The rising temperature leads to 
increasing evaporation from the oceans. The increase of water vapor in the atmosphere increases 
the Global Warming effect. The distribution of precipitation can change which leads drought in some 
areas and flooding in others. In food production this change can result in famine in large areas of the 
world. An expansion of the ocean is another effect of the temperature increase. This causes the 
mean sea-level to increase resulting in lowland countries becoming flooded. The increase in 
temperature also causes a greater movement in the atmosphere resulting in more windy weather. 
This leads to a greater frequency of hurricanes and tornados. The long term consequences of Global 
Warming are hard to predict. But, the human contribution to the enhanced green house effect is no 
longer questioned [2]. 

2.2.3 Toxicity 

Aromatic hydrocarbons are compounds that consist of aromatic rings. Some of these are of high 
toxicity to humans. Poly Aromatic Compounds (PAH) can be urgently toxic, geneotoxic, carcinogenic 
or a combination of the above. The PAH are actually not carcinogenic in their original form but when 
transformed in the metabolic process they become toxic. During the metabolic process the PAH can 
be transformed to free reactive radicals like epoxides that cause cancer [11]. Benzene is one of the 
more hazardous PAH causing leukemia and other types of cancer. Toluene can cause damages for 
example on inner organs, the central nerve system, or fetus damages. Toluene can also contribute to 
the formation of photochemical smog that is very dangerous to water living organisms. Both Benzene 
and Toluene are included in the VOC group [12]. 

2.3 Legislation 

2.3.1 Swedish legislation 

The Swedish environment protection act is applicable to different kinds of use of land or construction 
that can pollute land and water or create disturbance for the surroundings. This kind of activity is 
referred to as environmentally hazardous activity according to the act. This includes petrochemical 
industries [13]. 

According to 4 § environmental protection law all environmentally hazardous activity is to be located 
at an appropriate area. In 5 § the law states that whoever exercises this activity is responsible to 
make sure that protective measures are taken to avoid negative environmental impacts. To what 



Treatment technology for VOC emissions from oil refineries  Hanna Odén 
Master Thesis IVL/KTH 

 7 

extent these measures are to be taken is decided by considering what is technically possible, and 
general and individual circumstances. When the decision is made particular stress should be put on 
how the effected area is disposed, what effect the disruption can have on the environment, and of 
what use the activity is to society as well as the cost of protection measures. According to 6 § a 
activity judged not acceptable can be prohibited by the regulatory agency [13]. 

Permits are required for facilities where more than 50,000 tons of oil, oil products or other chemicals 
are stored or handled per year. Facilities where the handling is between 5,000 and 50,000 tons are 
required to hand in a notice of what they emit and what they do to prevent it. The notice is handed 
into the local environmental and health protection agency [13]. 

On March 11th of 1999 the council accepted the VOC Directive, 1999/13/EG, concerning the 
limitation of volatile organic compounds caused by the handling of organic solvents in certain 
activities and installations. The motive of the directive can be seen in the introduction: 

"Whereas the European Community and its Member States are parties to the Protocol to the 1979 
Convention on Long-Range Transboundary Air Pollution concerning the control of emissions of 
volatile organic compounds in order to reduce their transboundary fluxes and the fluxes of the 
resulting secondary photochemical oxidant products so as to protect human health and the 
environment from adverse effects; (4) Whereas pollution due to volatile organic compounds in one 
Member State often influences the air and water of other Member States; whereas, in accordance 
with Article 130r of the Treaty, action at Community level is necessary; (5) Whereas, because of their 
characteristics, the use of organic solvents in certain activities and installations gives rise to emissions 
of organic compounds into the air which can be harmful for public health and/ or contributes to the 
local and transboundary formation of photochemical oxidants in the boundary layer of the 
troposphere which cause damage to natural resources of vital environmental and economic 
importance and, under certain exposure conditions, has harmful effects on human health" [14] 

The Directive does not however include the petrochemical industry.  

2.3.2 Chinese legislation 

There are no existing standards for VOC emissions from oil refineries in China today. The interest in 
VOC problematic is fairly new to the country. Each oil refinery goes under permits that regulate that 
plant. When applying for building the project an EIA report is required to start to build. After the 
plant is finished the result must be reviewed by authorities before it can be used. There are 
standards for emissions of air pollution for bulk gasoline terminal. The Law on the Prevention and 
Control of Air Pollution states the following about VOC: 

Chapter V: Prevention and Control of Waste-gas, Dust and Malodorous Substances 

Article 40: Units emitting malodorous gas into the air must take measures to prevent the neighboring 
residential areas from pollution. 

Article 42: Transporting, loading and unloading and sorting the materials that emit toxic or harmful 
gas or dust must take sealing or other protection measures. 

Article 45: The State shall encourage and support the production and use of substitutes of ozone 
depleting substances and gradually reduce the production output of the ozone depleting substances 
until the final stop of the production and consumption of the ozone depleting substances. Any units 
that produce or import the ozone depleting substances must, within the time period prescribed by 
the State, produce or import the concerned substances in accordance with quotas verified by related 
administrative departments of the State Council [15]. 
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In the Emission Standard of air pollutant for bulk gasoline terminals the following is stated. 

During oil storage emitted vapors should be collected through tight closed containers and go through 
treatment. Some VOC are to be recovered, others treated. Technical assessment and report of 
technical equipment including the recovery units are required. Assessment must be made through 
investigation and analysis of technology and materials. The verification also needs to be for relevant 
certificates or documents. Monitoring is also required. Companies that carry out technical 
assessment must be qualified to do so. Report must be verified and approved by relevant 
government department. Vapor emissions must not exceed 25 mg/m3 and the treatment technology 
must hat an efficiency of 95 % or higher. The vapor concentration from each emission point must not 
exceed 0.05 % of the total concentration from that emission source. This is to be measured 1 time 
each year. The discharge point of vapor needs to be higher than 4 meters. There are also given 
restrictions when filling. Leakages should not exceed 10 ml /filling. This should be measured 3 times / 
filling to get a mean value during the filling time [16]. 

In 1996 a general standard called Integrated Emission Standard for Air Pollution was implemented for 
all industrial activities in China. After that, industry type specified regulations have been added, but 
not yet for oil refineries. This states the allowed amount of substances to be emitted. The numbers 
depend on the height of the emission point. For NMHC at emission point of 40 m a maximum of 120 
kg VOC/h are allowed [17]. 

2.4 Characterization 

In order to know what VOC are most important to reduce in emission gases they need to be 
characterized according to their impact rate. This can be done in a number of ways. Once the impact 
has been established it is beneficial to compare them with something.  

2.4.1 Ozone formation potential 

The ozone formation potential is the formation rate of ozone of a certain substance in an 
environment where NOX occurs. A measure used to quantify the formation potential is ethene 
equivalents per kg of substance. The ethene equivalents are calculated as stated in equation E5. The 
use of ethene as reference substance for ambient ozone formation was suggested by UNECE in 1990. 
Ethene is the simplest organic substance with large photochemical potential. The potential varies 
depending on the NOX concentration in the air around. [10] 

ethenfromozoneofrateformation

Xsubstforozoneofrateformation .

  (E5) 

As ozone formation depends on both VOC and NOX concentrations the formation potential will vary 
depending on the concentration of NOX in the air. The Environmental Design of Industrial Products 
database (EDIP97) takes this in consideration and gives two different values, one for high NOX and 
one for low NOX. The Institute of Environmental Sciences in the Netherlands (CML 2001) data base 
gives one mean value [10]. 

2.4.2 Toxicity 

There is no generally accepted system of quantifying toxicity and potential effects of toxicity. One 
way of going about is relating the toxicity to 1,4-dichlorobenzene (DBC) which gives the toxicity in 
DCB-equivalents. This is used by the Institute of Environmental Sciences in the Netherlands 
(CML2001) database. The inverted value of the predicted no-effect concentration (PNEC) multiplied 
by factors measuring the substance spread to different media (air, water, ground) and the biologic 
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degradability of the substance. The potential is the measured in m3 water or air / kg substance. This 
is used in the Environmental Design of Industrial Products (EDIP97) database [10]. 

It is important to note that the same substance can cause different effects dependent on to what 
media it primarily is emitted. In this report air is considered the primary media. It is also important to 
consider that the potential effect does not have to equal the actual effect. This is very much 
dependent on the local environmental circumstances where the substance is emitted. [10] 

2.4.3 Global warming potential 

Global warming potential (GWP) is measured in a substance ability to absorb infra read light. Carbon 
dioxide is chosen as a reference substance and GWP is measured in CO2 equivalents [10]. 

2.4.4 Yearly Person Quota 

To be able to validate what the impact numbers really implies it is beneficial to compare them to a 
standard value. For ozone formation and global warming contribution the yearly person quota (YPQ) 
can be used. This quota states how much a normal person contributes to these effects on a yearly 
basis. By comparing impacts with this one can see how many people are needed to contribute the 
same amount as the studied facility [18]. The figures used for YPQ are stated in table 2.  

Table 2. The Yearly Person Quota (YPQ) for Ozone formation potential and for Global warming 
  potential. [18] 

Effect YPQ Unit 

Ozone formation potential 5.73 [Ethene equiv] 

Global warming potential 6,868 [CO2 equiv] 
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3 Refineries and VOC emission sources 

Oil refineries refine and process crude oil so that it can be converted into products used in our every 
day life, such as, gasoline, plastics, lubricants and jet fuel. Crude oil is mainly made up of 
hydrocarbons which makes it an excellent energy source and gives it a great diversity. Crude oil 
contains hydrocarbons as paraffins, aromatics, napthenes or cycloalkenes, alkenes, dienes and 
alkynes. Paraffins, alkenes, dienes and alkynes can be gas or liquid at room temperature and the rest 
are normally liquid [3]. 

Separation technology is used and chemical reactions take place producing products used all over the 
world. Since crude oil contains volatile organic compounds and the lighter fractions of the oil contain 
even higher amounts, VOC are constantly evaporated from the liquid fractions [3].  

3.1 A typical refinery 

To understand where the emissions may occur, a description of a refinery is necessary. What type of 
crude oil is used also governs what kind of products that can be produced [19]. A typical refinery uses 
different processes to convert crude oil into products. How this is done is explained in this chapter. 

3.1.1 Process 

The crude oil is usually shipped to the refinery site where the process of separating the different 
hydrocarbons starts. The separation is done by distillation since the different hydrocarbons have 
different boiling points. The process is usually done in four steps: fractional distillation, chemical 
processing, treatment and combinations [3]. 

Fractional distillation 

The first step is to separate the different hydrocarbons. This is done by heating the oil with a number 
of different VOC compounds with different boiling points, to high temperatures. Normally this is 
done by high pressure steam heating up to about 600°C. This causes the mixtures to boil and to go 
into vapor phase. The vapor is lead into the bottom of a long column, the fractional distillation 
column, which is filled with either trays or plates. As the vapor rises it is cooled. When a substance 
reaches the boiling point, it condenses and can be collected as a pure substance. The trays collect the 
liquid fractions which go on to further treatment [3]. 

Chemical processing 

Chemical processing is the next step that distillates need to go through on their way to full product. 
This involves either cracking, unification or alteration. 

Cracking is breaking longer hydrocarbon chains into shorter ones. This can be done thermally or 
catalytically. In thermal cracking thermal energy is added until the larger chains break. Since shorter 
chains have higher volatility more VOC are produced in these steps. In catalytic cracking a catalyst is 
used to speed up the reaction. Unification is the opposite of cracking. It is combining shorter 
carbohydrate chains to make longer ones. Most of the processes are usually done catalytically. The 
by-product of this is hydrogen gas which can be used by other processes in the refinery or sold [3]. 
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Figure 1. Flow chart of a typical refinery process [3]. 

Alteration 

Rearranging the structure of some fractions to produce a different fraction is called alteration. Here 
the most common is alkylation. In alkylation low weight molecules are catalytically mixed to produce 
high octane hydrocarbons [3]. Aromatic compounds have higher octane number than branched 
chains which have higher octane number than straight chains. The higher the octane number in 
gasoline the better the fuel. Continuous Catalyst Regeneration Platforming, or CCR Platforming, is a 
common way to aromatize straight carbon chains. A problem here is the formation of benzene and 
toluene which are toxic substances. This is usually solved by removing chains of length C6 and under 
before the fraction enters the CCR. These chains are usually treated in an isomerization unit instead 
which increases the octane number even if it is not as high as the octane number of aromatic 
compounds [20]. 

Treating 

The final step is treating the fractions to remove impurities. By passing the fractions through a 
column of sulfuric acid, nitrogen and oxygen compounds, as well as unsaturated carbons are 
removed. Water absorption columns are also frequently used as well as sulfur treatment [3]. 

3.2 VOC emissions 

VOC from oil refineries mainly consists of alkanes, alkenes and aromatic compounds. All of these 
three naturally occur in the crude oil. Alkanes are the most frequently occurring with alkenes 
following in second place. Aromatic compounds occur naturally in the crude oil as well but are also 
being produced in the process of increasing the octane number of the fuel (CCR). They make up the 
smallest part of the total VOC emissions. What compounds that are included in the VOC flow from a 
plant depends on the type of crude oil used, the processes used and the products being produced. 
Therefore the composition of VOC emission differs from refinery to refinery [21]. 
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An oil refinery without VOC control technology emits at least 1000 kg of VOC / million kg loaded 
crude oil. [20] 

The sources of VOC at a refinery can be divided into channeled and diffuse emission also referred to 
as point or nonpoint sources. Channeled meaning emissions monitored within the source and diffuse 
meaning emissions monitored externally to the source. A subset of diffuse emissions is called fugitive 
emissions [22]. 

VOC emission sources exist all over the plant area, mostly because of diffuse leakages. These come 
from tanks, pump seals, compressor seals and leaking flanges and valves. Since analyze samples 
frequently are taken out of the processes to ensure product quality, leakages will occur during that 
procedure. There are some larger point sources that can be identified. The emissions can be divided 
into different area sources: Process area, storage of crude oil or products, waste water treatment, 
harbors and rest. Rest might include torching and potential loading to trucks or trains. The fugitive 
emissions make up a greater part of the total VOC emissions than the channeled [23]. 
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4 VOC reduction technology basics 

In environmental protection there are many different ways to go about in making sure the processes 
are environmentally sane. These can be divided into three different levels as can be seen in figure 2. 
Passive strategies are at the bottom of the chain where waste dumping and discharge of emissions 
are done without treatment. Reactive strategies include external treatment, or end of pipe solutions, 
and recycling measures. Proactive strategies take things to another level. Here system thinking 
becomes vital and all consequences of the activity are taken in concern. Waste minimization and 
pollution prevention is applying internal solution thinking. Cleaner production, where all flows in the 
plant are monitored and energy and material flows are optimized so that everything can be used to 
the fullest is integrating sustainable development into the industrial process. Industrial ecology is 
enhancing cleaner production to not only include one plant but also include the up and down 
streams of the plant [24]. 

This chapter will focus on technology that can be used to minimize VOC emissions in refineries. It is 
separated into two parts, internal solutions and external technology. Treating the pollution in a 
separate unit is called external solutions. Internal solutions are changing the process itself in order to 
generate less pollution. Internal solutions are all about preventive measures, making sure that no 
pollution or emission is generated in the first place [25]. Waste minimization and pollution 
prevention are typical examples of internal solutions where recycling and process changes as well as 
raw material changes are focused upon.  

 

Figure 2. Different concepts and strategies towards sustainable development [24]. 

This chapter describes different technical solutions, external and internal, that can be used for VOC 
reduction. 
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4.1 Internal solutions 

Internal solutions are changes in the production process. They include pressure and temperature 
changes, changes in the chemical environment, material substitution or changes in process 
equipment. There are different measures to be taken dependent on where in the process the 
emission source is located [25]. 

4.1.1 Process area 

Fugitive emissions originate from leaking parts all over the facility. Even though the amount of VOC 
from one source is small the total amount of VOC emitted is very large. Maintenance is the primary 
way of minimizing fugitive emissions. A clean and well maintained plant does not emit as much VOC 
as a dirty and badly maintained one. Oil spills that are left unattended will start evaporating, pumps 
and valves that break or leaking pipes that are left will release VOC. Even though a pipe with a small 
hole in it might not be a vital problem for the process itself to work, it can mean a large problem for 
the air quality. Especially if there are many leaking pipes, valves, pumps. To minimize these emissions 
a simple but effective measure to be taken is to make sure everything is tight. One way of doing this 
is applying double seals in stead of single ones on pumps and valves. Because of the variation in 
temperature through the year the pressure in pipes and other equipment changes. This causes valves 
to move. Post tightening is of great importance here and can have a great affect on the total 
emission amount [26]. Leak identification and follow up is the main way to go about minimizing 
emissions from the process area. Implementing control systems that monitor the whole process and 
can give an indication if there is leakage quite quickly is also a good investment when looking at 
internal solutions in the process area [23]. 

4.1.2 Storage 

To minimize the VOC emissions from storage of oil or volatile products there are many small but 
effective measures to be taken. The color of the storage tank is of importance, a light storage tank 
emits less than a dark one. Usage of pressure/vacuum valves to minimize breathing losses is another 
way of easily minimizing emissions [27]. 

A problem that occurs is when tanks are filled or emptied the pressure in the tanks changes and thus 
VOC are emitted with the air when air is pressed out of the tank as the fluid volume expands. One 
solution for this problem is to install a floating roof. The roof works as a lid that floats on top of the 
fluid and follows the fluid surface. Thereby there is less evaporation of VOC to the air and less is 
emitted with increase in fluid volume [27]. A problem with floating roofs is the requirement on exact 
dimensions for leakage to be zero. If the tank is not exactly round or the lid is not perfect there will 
be leakages from the tanks. [19] The floating roofs work better in a warm climate where there is no 
risk of snow weighing down the lids [25]. The roofs can be modified to work in cold climates by 
covering the floating roof with a fixed roof that can hold the snow. [28] By applying floating roofs the 
emissions from the tank decreases from about 0.19 % of the pumped volume to about 0.02 % 
(numbers given for gasoline). If the floating roof is provided with secondary seals the decrease is 
even larger. [27] Tanks with fixed roofs are usually equipped with a pressure/vacuum valve. These 
release gas only when the pressure in the tank is too high. By taking care of this emitted volume and 
linking it to a flare or some other combustion process the VOC will not go to the atmosphere. 
Emissions from tanks with outer floating roofs are directly proportional to the diameter of the tank 
presumed that all other parameters are the same. This implies that the emissions from a tank with 
greater diameter are smaller than from two tanks with the same volume and same height. For 
example: If the storing capacity is to be 80,000 m3 and the height of the tanks are set to 20 m the 
diameter of the large tank will be 71.4 m whilst the diameter of one small tank needs to be 50.5 m. 
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This implies that the emission from two small tanks is 1.4 times the emissions from the large tank 
[20]. Table 3 states advantages and disadvantages with floating roofs. 

Table 3. Advantages and disadvantages with Floating roofs [19], [25] 

Advantages: Floating roofs 

 Easy to apply 

 Low running cost 

 Low maintenance 

Disadvantages 

 Climate dependent 

 Requires precise construction (both of tank and roof) 

 High investment cost (compared to normal roofs) 

Another solution can be to install communicating tanks which are connected through ventilation 
pipes, figure 3. When one of the tanks is filled, the gas from that tank is transferred to the other 
tanks distributed evenly which evens out the pressure without any gas leaving the tanks. When a 
tank is emptied the gas again moves form other tanks. If there is a risk that the pressure will be too 
low in the tanks nitrogen gas, N2, is added. This solution requires all of the tanks to contain the same 
substances otherwise the products can become polluted by each other. At a refinery communicating 
vessels could be used for crude oil storage tanks or for under ground storage facilities for crude oil 
[25]. In table 4 the advantages and disadvantages with communicating tanks are concluded. 

 

Figure 3. Communicating tanks 

Table 4. Advantages and disadvantages with communicating tanks [25]. 

Advantages Communicating tanks 

 Low maintenance cost 

 Self sufficient 

Disadvantages 

 Large investment cost 

 Can only be used for tanks with the same content 

 Can require inert gas (N2) 

 When pressure is to high VOC are emitted to the atmosphere 

Filling

N2

EmptyingFilling

N2
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4.1.3 Waste water treatment 

The emissions from waste water treatment can best be dealt with by covering the ponds. This 
prevents evaporation and less is thereby emitted. Another way of reducing emissions is to install 
large buffer tank systems where carbohydrates are separated to as great extent as possible [27]. 

4.2 External solutions 

When cleaning gas streams containing VOC externally one can choose between two options, either a 
technique that allows for reuse of the removed substances, or a technology that destructs the 
substances. In addition to the environmental benefits the first option can have an economical benefit 
in the form of the value of the separated substance. The second option can also have economical 
benefit in form of the combustion energy, but usually these techniques end up costing energy. The 
primary condition that needs to be fulfilled for recovery to be beneficial is that the substances are 
recoverable. One must also ask if there is a need for recovery. What do we do with the recovered 
product? [29] Below the basics for the different technologies are given. 

4.2.1 Recovery techniques 

Recovery techniques are techniques that do not destroy the VOC during the process. The VOC can be 
recovered and reused. There is a number of different ways of doing this. 

Adsorption 

In the adsorption process, a media is brought into contact with a gas or a liquid mixture. Adsorption 
is based on the ability of porous, large surfaced solids to selectivity bind and release compounds. 
Examples of such solids can be silicon gel and activated carbon. van der Waals forces exist between 
the atoms, molecules and ions holding the solid together. At the surface of the solid these are 
unsatisfied and can therefore attract other substances and hold them. For the adsorption to work, 
the solid must have the ability to adsorb specific compounds from the mixtures [30]. 

Table 5. Advantages and disadvantages with the adsorption technology for removal of VOC [31]. 

Advantages 

 High efficiency for VOC removal and recovery 

 Simple and stable technology 

 Simple to install 

 Simple to maintain 

Disadvantages 

 Particles in gas stream can cause problems 

 Early breakthrough caused by mixtures 

 Sensitive to humid gas streams 

 Risk of hot spots and bed fires (GAC) 

 Risk for polymerization of unsaturated organic compounds when using activated carbon 

There are two different kinds of adsorption, physical and chemical adsorption (chemisorption). 
Physical adsorption is similar to condensation and is done at low temperatures. In chemisorption the 
forces in the nature of a chemical bond are very strong, and this adsorption requires high 
temperatures. Physical adsorption is the primary adsorption type used in gas separation. The 
molecules that are to be separated from the gas stream diffuse from the gas on to the surface of the 
solid. Here they are held by van der Waals forces. When the adsorption takes place heat is liberated, 
approximately the same amount that is required for condensation. At saturation the surface of the 
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solid is covered by adsorbed compounds. At this point the filter needs to be regenerated [30]. The 
advantages and disadvantages with the adsorption process can be found in table 5. 

Regeneration 

When the bed is filled to its break point it needs to be regenerated or replaced. This changes the 
equilibrium so that the adsorbed substances desorb from the adsorber surface into gas state. For 
activated carbon this is usually done by adding heat or changing the pressure to the adsorption bed, 
enough for the adsorbed substances to evaporate. About 90 percent of the carbon usually remains 
after regeneration. The activated carbon is usually regenerated by on-line bed regeneration. Two 
common on-line bed regeneration techniques are thermal swing regeneration and pressure swing 
regeneration. By heating the bed directly with low pressure steam or inert gas to about 150 – 300°C 
the adsorbent is purged and the adsorbed substances are desorbed. This is done in thermal swing 
regeneration. Since the bed is heated this method requires a time of cooling before it can be 
operated again. When using high pressure steam there is also a time of drying the bed required 
before it can be used for adsorption [32]. 

To separate gases in gas mixtures and at the same time regenerate the adsorbent one can use 
Pressure-swing adsorption (PSA). This is done in four steps which results in separation of the 
compounds by the bond strength by which they bind to the adsorbent. Firstly, the pressure in the 
bed is built up by the gas entering the adsorber. Secondly, the pollutants are adsorbed at high 
pressure resulting in pure components. Thirdly, the pressure is dropped in the bed. Finally, the bed is 
purged at low pressure or vacuum [31]. The pressure is decreased to a very low pressure or vacuum. 
The adsorbed substances are thereby drawn from the bed. This technique allows for shorter cycle 
times and the recovered product has a high degree of purity [32]. 

Different adsorption processes 

The main types of adsorption processes are fixed-bed adsorption, rotary wheel adsorption and 
fluidized bed adsorption. The fixed-bed is the most common adsorption process in gas treatment. 
The gas flow is often conditioned by cooling upstream, partial condensation and heating to reduce 
the relative humidity. This is done to minimize co-adsorption of water. The gas passes upwards in the 
tank and leaves purified. Normally there are multiple adsorbers (2 or 3) co-working to allow for 
continuous regeneration. One bed is adsorbing while the other is regenerated. A fluidized-bed 
process uses adsorbent beads that, by utilizing the velocity of the gas, are in a fluidized state 
throughout the tank. This is done with continuous adsorption/desorption of the beads, removing the 
saturated beads from the bottom of the tank for regeneration and then adding them back to the 
system at the top. This technique is not very common due to the high energy consumption it 
requires. A continuous moving-bed process is much like the fluidized bed, except for the adsorbent 
not floating on the gas but continuously being fed on top of the tank, passing the gas stream in 
counter-current. The saturated adsorbent is transferred to a moving bed regenerator at the bottom 
of the tank and once regenerated fed back to it at the top. The rotary wheel adsorber is constructed 
as a wheel that is coated with an adsorbent. The wheel rotates adsorbing the VOC during the first 
half of the cycle and regenerating it during the other [31]. 

Adsorbent types 

When choosing adsorbent one must make sure the adsorbent has the right properties for adsorbing 
the compound that is to be separated. The following are examples of the most common adsorbents. 
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Granular Activated carbon (GAC) 

Granular Activated carbon (GAC) is the most common adsorbent in VOC reduction. It is used for 
recovery of solvent vapors from gas mixes and for fractionation of hydrocarbon gases. [25]. Methane 
and ethane are to light to be captured by GAC filters. A general rule for GAC is that the higher the 
boiling point, the stronger the attachment to the surface. Therefore, for example hexane is adsorbed 
very strongly and is thereby very hard to desorb [33]. Advantages and disadvantages with GAC 
adsorbers are concluded in table 6. 

Table 6. Advantages and disadvantages with GAC as an adsorber of VOC [31], [25], [33]. 

Advantages 

 A very large adsorption area (>1,500m2/g) 

 Not restricted to polar or non-polar compounds 

 Regeneration possible 

 Relatively cheap 

Disadvantages 

 Breakthrough of VOC quite early 

 Sensitive to humidity (65- 70 % humidity as maximum) 

 Can not separate according to polarity 

 Hot-spots 

 Combustible 

Silica gel 

Silica gel is mostly used for dehydration of gases and for fractionation of hydrocarbons. It has a polar 
character and adsorbs steam well. Silica gel can be regenerated [25]. Advantages and disadvantages 
are concluded in table 7. 

Table 7. Advantages and disadvantages with silica gel as an adsorber of VOC [25]. 

Advantages 

 Very useful for drying 

 Non combustible 

Disadvantages 

 Compared to activated carbon the adsorption area is very small 
(100 – 200 m2/g) 

Zeolites 

Zeolites are a silicate material that has a special crystal structure that gives it a large adsorption area. 
Natural zeolites contain aluminum atoms and have polar character and are thus appropriate for 
drying. If the aluminum atoms are removed, the material instead receives a non-polar character. This 
results in the ability to tailor the adsorbent to fit the area of use. Because of the special crystalline 
structure zeolites can separate by molecular size. 

  



Treatment technology for VOC emissions from oil refineries  Hanna Odén 
Master Thesis IVL/KTH 

 20 

They are not combustible which allows for desorption at higher temperatures than GAC. It is mainly 
used for dehydration of gases and liquids, separation of gas hydrocarbon mixtures. They are 
regenerated by heating or elution [25]. Table 8 states the advantages and disadvantages with zeolite 
adsorbers. 

Table 8. Advantages and disadvantages with zeolites as an adsorber of VOC [25]. 

Advantages 

 Large adsorption area (500 – 1,000m2/g) 

 Can be tailored to fit area of use 

 Regeneration possible 

 Also separates by size 

Disadvantages 

 Expensive 

Polymer adsorbents 

Polymer adsorbers can also be tailored to fit the area of use. The mechanical strength is higher than 
GAC but it is much more expensive [25]. Advantages and disadvantages with polymer adsorbents can 
be found in table 9. 

Table 9. Advantages and disadvantages of polymer adsorbents as adsorbers of VOC. [25] 

Advantages 

 Large adsorption area (700 – 800m2/g) 

 Can be tailored to fit area of use 

 Regeneration possible 

Disadvantages 

 Expensive 

Table 10 gives a comparison of three different adsorber types. 

Table 10. A comparison of the limits and restrictions of GAC, Zeolites and Polymers as suitable 
   adsorbents for VOC [31]. 

Limits and restrictions – Comparison of adsorbents 

 GAC Zeolites Polymers 

Gas flow [Nm3/h]: 

Gas temperature *˚C+: 

Pressure [MPa]: 

VOC content: 

Relative humidity: 

100 – 100,000 

15 – 80 

0.1 – 2 

25 % of LEL* 

<70 % 

<100,000 

<250 

Atm 

25 % of LEL* 

N/A 

 

 

 

25 % of LEL* 

*LEL = Lower Explosive Limit 

Absorption 

The process of removing compounds from a gas or liquid stream by absorbing them into a liquid is 
absorption. Absorption is based on using the solubility of a compound for separation. The larger part 
of an exhaust gas stream consist of air, which can be considered relatively insoluble. This is taken 
advantage of in absorption using the solubility of the compounds to separate them from the 
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insoluble air. Absorption, also called scrubbing, is mainly used in gas control applications, but can be 
used in collaboration with separation devices to recycle the pollutant [32]. 

Absorption of a compound from gaseous phase to liquid phase occurs when the concentration of the 
compound that is to be absorbed is below the equilibrium concentration. The difference in 
concentration is the driving force for the absorption. The physical properties of the gas-liquid matrix 
as well as the conditions of the absorber are factors that the absorption is dependent on. Absorption 
efficiency is enhanced by lower temperatures, larger contact surfaces between liquid and gas, higher 
liquid-gas ratios, and higher concentration of the compound in the gas phase [34]. 

Absorption is commonly used for separation of gaseous streams with high concentrations of VOC. It 
is can be used for compounds with high solubility in water such as, alcohols and acetone. It can be 
used for both raw material recovery and product recovery [31]. The pollution in the gas is separated 
either by being solved in the liquid by physical means or by chemical bonding. The former is referred 
to as physical absorption whilst the latter is called chemical absorption [25]. 

It should be noted that absorption is basically moving the pollutant from one phase to another, from 
gas to water. It still needs further treatment after being absorbed [25]. Absorption is not very 
commonly used on its own in VOC separation but often used in combination with other techniques 
as after treatment [35]. 

Condensation 

A gas mixture with components of different vapor pressures can be cooled so that the partial 
pressure of the components exceeds the vapor pressure, resulting in that component condensing 
[25]. Condensation can be divided into coolant condensation and cryogenic condensation. The 
coolant condensation operates with two heat exchangers, figure 4. These can be either water cooled 
or air cooled, or for even higher efficiency, two steps with water as a first cooling agent and 
refrigerated liquid as a second. [31] The limits and restrictions for this technique can be found in 
table 11. 

 

Figure 4. Two-stage Coolant condensation system [31]. 

Table 11. Limits and restrictions of coolant condensation [31]. 

Limits and restrictions –Coolant condensation 

Gas flow [Nm3/h]: 

Gas temperature *˚C+: 

Water content: 

Pressure [MPa]: 

Dust [mg/Nm3]: 

Odor [ou/Nm3]: 

Ammonia [mg/Nm3]: 

100 – 100,000  

50 – 80 

Essentially water-free when condensation below 0˚C 

Atmospheric 

<50 (not sticky) 

>100,000  

200 -1 000  
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The cryogenic condensation uses the vaporization of liquid nitrogen as a coolant agent (figure 5). 
VOC condense at the condenser surface. Evaporated nitrogen provides inert blanketing. 

 

Figure 5. Cryogenic Condensation recovery system integral with a typical nitrogen 
   blanketing operation [31]. 

Coolant condensation is usually used for gas streams that are close to saturated with VOC or odorous 
substances. It is also commonly used as a pre or post-treatment step to other gas treatment units 
such as adsorption, absorption or incinerators. Cryogenic condensation can handle all VOC and 
volatile inorganic pollutants, independent of their specific vapor pressures. As end-of-system 
emission control of VOC they are very good thanks to the high condensation efficiencies due to the 
low temperatures used. A problem is that gas streams containing high water concentrations become 
problematic below 0˚C due to the freezing risk. Cryogenic condensation can respond easily to flow 
rate changes and has a high recovery spread of VOC [31]. Table 12 states the limits and restrictions of 
the technology. 

Table 12. Limits and restrictions of cryogenic condensation [31]. 

Limits and restrictions – Cryogenic condensation 

Gas flow [Nm3/h]: 

Gas temperature *˚C+: 

Pressure [kPa]: 

Up to 5,000  

Up to 80 

2 – 600 

Direct or indirect cooling can be used for condensation. Direct condensation requires an extra 
separation stage and therefore indirect cooling is preferable. There is a wide range of condensation 
systems from very simple to large systems with energy and vapor recovery. Closed-cycle systems 
with high vapor concentrations are best to use a closed-cycle inert gas condensation system. Here a 
set volume of inert gas is continuously circulated around the oven and condensation unit. The gas 
used is usually nitrogen gas. To make sure the nitrogen is recovered, a small part of the mixture of 
nitrogen and vapor goes into the recovery unit, where heat exchangers condense the vapors. [31] 
The big disadvantage with condensation when handling VOC, is that VOC by definition have high 
vapor pressures. Thereby very low temperatures are required for condensation to occur. This makes 
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the method expensive and the problem with water freezing becomes very relevant [35]. Table 13 
gives the advantages and disadvantages of condensation when handling VOC. 

Table 13. Advantages and disadvantages of coolant condensation and cryogenic condensation 
   concerning VOC treatment. [31] 

Advantages 

Coolant condensation: 

 Compact technology 

 Good process handling 

 Enables a more economic operation of downstream treatment units. 

 Solvent recovery (dependent on separation properties) 

 Possibilities of heat recovery 

Cryogenic technology: 

 Compact technology 

 Recovery of organic solvents (dependent on separation properties) 

 High VOC removal efficiency 

 Nitrogen gas recycled 

 Good process handling 

Disadvantages 

Coolant condensation: 

 Amount of cooling water can be difficult when water is scarce. 

 Efficiency dependent on gas flow rate and composition 

 Work-up and/or treatment step necessary 

 Expensive 

Cryogenic condensation: 

 Need for nitrogen generation unit 

 Coolants below 0 can cause ice formation on heat exchanger 

 Expensive 

 

Membrane Technology 

Membrane separation is a technique that utilizes the selective permeability of vapors when filtered 
through a membrane, figure 6. The permeation rate of organic compounds is about 10 to 100 times 
higher than that of oxygen, nitrogen, hydrogen or carbon dioxide. By compressing the gas and 
passing it through a membrane a highly concentrated permeate can be recovered by further 
methods [31]. 

By using excess pressure on the feed side and vacuum on the permeate side the necessary pressure 
difference between the two sides of the membrane is created. There is a risk that the concentration 
levels of VOC rise to above the lower explosive limit during the rise of vapor concentration. This 
creates an explosive mixture. Due to this, safety is one of the most important issues to attain when 
applying this technology. Measures have been taken to avoid these types of situations. Condensation 
and adsorption are possible downstream treatment methods for recovery. Oxidation can be used for 
destruction of the VOC. Membrane technology does in most cases not achieve a sufficient 
purification degree on its own. Further steps are required to attain low enough concentrations in the 
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discharge air for direct release. The method is suitable for recovery of alkanes, olefins, aromatics, 
chlorinated hydrocarbons, alcohols, ethers, ketones, and esters [31]. 

 

Figure 6. Membrane separation technology. 

Chemical industries, petrochemical industries and refineries as well as pharmaceutical industries 
apply membrane technology to recover solvents or fuel vapors. Recovery of hydrogen from refinery 
off gas and recovery of VOC from tank-filling are two ways in which membrane technology can be 
used at refineries. Since membrane technology is a concentration step it is frequently used to enrich 
VOC in gas phases and thereby increasing the dew point of the waste gas stream so that 
condensation occurs at higher temperatures, saving money used for cooling. Incineration of enriched 
gas streams also gives an advantage in the form of reduction of the need for additional fuel. A second 
treatment stage is added to make sure the discharge meets the emission requirements. The after 
treatment step can be adsorption. On example where membrane separation is used in a process is as 
a vapor recovery unit (VRU) [31]. The membrane technology limits and restrictions can be found in 
table 14 and advantages and disadvantages with the method are concluded in table 15. 

Table 14. Limits and restrictions of membrane technology [31]. 

Limits and restrictions – Membrane technology 

Gas flow [Nm3/h]: 

Gas temperature *˚C+: 

Pressure [kPa]: 

VOC concentration: 

2,100 – 3,000 (dependent on surface area) 

Ambient temperature (dependent on surface area) 

Dependent on membrane material 

Up to 90% 

Table 15. Advantages and disadvantages of membrane technology concerning VOC recovery 
   [31]. 

Advantages 

 Raw material can be reused 

 Simple operation 

 No waste generated by process 

Disadvantages 

 Work-up and/or treatment step necessary 

 Risk for explosion 

4.2.2 Abatement operations and processes 

Abatement techniques destruct the VOC during the process. There are a number of ways of doing 
this [31]. A selection of ways are presented below. 
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Biologic filters 

A biologic filter, biofilter, uses the ability of microorganisms to biodegrade materials to clean gas 
streams from VOC. The natural ability for microorganisms to degrade organic substances is very high. 
Very few, if even any, are non-degradable even if some require a longer residence time. A biofilter 
can consist of a bed of soil or compost through which the gas stream passes. The microorganisms in 
the biofilter are the same that occur in nature. For the biofilter to work, a thriving environment for 
the organisms must be maintained. The organic substrate provides the salts and trace elements for 
the bacteria whilst the VOC make up the food. In a moist environment the organisms degrade VOC to 
CO2 and water [1], [25]. 

Bio-filtration is used in the chemical and petrochemical industries and also common in sewage 
treatment plants. Biodegradable compounds are removed such as amines, hydrocarbons, hydrogen 
sulfide, toluene, styrene and odorous contaminants. It is well suited for soluble contaminants of low 
concentration in the flow. Methane is not abated due to the long residence time this would require 
[31]. When applying biofilter technology on VOC streams there are three main ways to go about. One 
can choose between using compost filters, bio scrubbers or specially packed biofilters. 

Compost filters can be divided into open or closed filters. The open filters are more common since 
they are less costly but they also have a lower efficiency. Open biologic filters are made up of a layer 
of compost material with underlying pipes from which the contaminated air is released into the filter. 
Theses filters are best used for flows with low contamination concentrations due to the long 
residence time required. Due to the temperature restriction (15 – 40 C˚) these are not suitable for 
cold climates. The closed compost filters are made up of layers of material on which the 
microorganisms are placed. Beneath this a gas distribution system is placed, through which the 
contaminated gas stream is released to the filter. Electric fans are used to force the gas through to 
the filter. The enclosed biofilter should be dimensioned to minimize the corrosive effects of the 
waste gas [31]. 

The bio scrubber consists of an absorption column and a biologic water purifying step. The water 
purifying step can either be a conventional water purifying basin or a bio tower. The first step in the 
bio scrubber is to absorb the pollution into a water phase. The water phase is then introduced to the 
microorganisms that degrade the material. This can sometimes require an adjustment to the pH 
level. The pollution is then removed from the water phase as sludge. This requires sludge treatment. 
The technique has a relatively high investment cost but the running cost is low. Since the 
microorganisms constantly need to be fed this technique is best suited for large and continuous 
flows [25]. 

The specially packed biofilter has much in common with the compost filter. As in the compost filter, 
by passing the air directly through the filter the gas is purified. The filter is the difference. In the 
specially packed filter an artificial environment is created with a large surface area in a column. The 
surface area is made up of non degradable substances in which specially chosen microorganisms are 
placed. By using a material that gives an optimal growing environment for the organisms a high 
microbial activity can be obtained. This in combination with the low pressure drop through the 
column gives the specially packed filter a higher flow capacity than the compost filter [25]. The limits 
and restrictions of biologic filters are concluded in table 16 and the advantages and disadvantages 
are stated in table 17. 
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Table 16. Limits and restrictions of biologic filters as VOC degraders. [31] 

Limits and restrictions 

Gas flow [Nm3/h]: 

Temperature [°C]: 

Pressure: 

Oxygen concentration: 

Relative humidity [%]: 

Content of dust, grease, fat: 

Hydrocarbon concentration [mg/Nm3]: 

Ammonia: 
 

Odor concentration [ou/Nm3]: 

Toluene concentration [mg/Nm3]: 

Styrene concentration [mg/Nm3]: 

Compounds containing N, S or Cl: 

Climatic conditions: 

100 – 400 /m2 of filter surface, up to 200 000 

15 – 40 (55 with themophilic bacteria) 

Atmospheric 

Near ambient level 

>95 

Pretreatment necessary (causes clogging) 

200 – 2,000 

Can decrease hydrocarbon degradation efficiency, 
Can be degraded to N2O 

20,000 – 200,000 

20 – 50 

50 – 500 

Can acidify and deactivate organisms 

Frost, rain and high ambient temperature affect 
the filter material and decreases efficiency 

Table 17. Advantages and disadvantages of biologic filters [31] 

Advantages 

 Simple construction 

 Suitable for components with low solubility (in combination with adsorption or 
absorption) 

 High efficiency of biodegradable compounds 

Disadvantages 

 Difficult to re-wet dried-out peat and compost filters 

 Bulky design 

 Risk for poisoning and acidification 

 Fluctuations in the gas stream have a great impact on performance 

 Packing is sensitive to clogging (dust) 

Oxidation 

Oxidation of VOC is when the different compounds are oxidized to CO2 and water. This is done by 
adding heat and air to the reaction. There are three main combustion processes for controlling VOC 
emissions; flaring, oven incineration, and catalytic oxidation. These three have different advantages 
that must be considered when applying them. Flares are designed for large volume flows of 
concentrated VOC with and infrequent composition and are commonly used at refineries. Thermal 
oxidizers are constructed to combust continuous flows of mixed hydro carbons in a highly efficient 
way. Catalytic combustion is best used when wanting to minimize fuel costs for continuous flows of 
known composition and low concentration. These different combustion processes can each be 
modified to fit a certain application which results in the distinction overlapping between the three. 
VOC in low concentration can also be oxidized by ozone under controlled conditions [30]. 

Combustion is a correlation between temperature, time and turbulence. To ensure that full 
combustion is achieved the ratio between the three above needs to be correct. 
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In thermal combustion fuel is often used to make sure combustion temperature is right. In catalytic 
combustion the gas passes over a catalytic surface. Since the catalyst increases the combustion 
reactions the combustion temperature does not need to be as high as in thermal combustion. The 
reaction time is also shorter for catalytic combustion [25]. 

Something that is very important to note when considering VOC combustion is the importance of the 
oxidizer to be a low NOX oxidizer. That is, an oxidizer that releases small amounts of NOX. This is due 
to the ozone formation that VOC and NOX together contribute to [10]. 

Thermal oxidizers 

Thermal oxidizers are used to control emissions from most VOC sources. Minor variations in flow can 
be handled but for larger variations the use of a flare is required. The fuel consumption of thermal 
combustion can be high, especially when waste gases of low VOC concentrations are treated. 
Therefore, thermal combustors are best suited for gas streams of moderate-to-high VOC 
concentrations and in smaller applications [32]. 

The Flare 

Flaring is a simple procedure in which VOC are lead to a remote location and combusted in a flame. 
The flare can handle large concentrations and flows. It is also very independent on the fluctuations of 
concentration, flow rate and heating value. Due to its flexibility it is well suited for handling sudden 
large flows of concentrated hydrocarbons. The flare has a very high turndown ration and rapid 
turndown response which is the primary advantage of this method. The most common flare is the 
elevated or open flare. These prevent potentially dangerous situations to occur at ground level due 
by reducing the effect of heat, smoke and odors. It burns freely in the open air. Every refinery is 
equipped with a flare and the flare is considered to be a safety valve [32]. 

Thermal incinerators 

There are many different types of thermal oxidizers that are suitable for different types of VOC. The 
simplest is the straight thermal oxidizer, which simply consists of a combustion chamber without any 
heat recovery. The recuperative thermal oxidizer regenerates the heat from the clean gases, figure 7. 
First, the flue gas enters a heat exchanging bed, with the ability to store heat, through a valve, where 
it is heated to near oxidation temperature. This decreases the fuel required in the combustion 
chamber. Once the gas is combusted (at around 800˚C), the cleansed gas passes through the heat 
exchanger transferring the heat to next cycle of cold flue gas. Only small amounts of CO are formed 
in this process due to the high combustion temperature and the excess of air. The system is suited 
for gas streams with high flow rates but low concentrations. A heat recovery of 90 - 97 % is achieved 
[31]. Limits and restrictions for different thermal processes can be found in table 18 and advantages 
and disadvantages for the same are concluded in table 19. 

 

Figure 7. Recuperative thermal combustion [31]. 
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The use of gas engines or steam boilers is also an option. The waste gas is used as energy for the 
engine and burned. This has an energy recovery rate of 57 - 67 % [31]. 

Table 18. Limits and restrictions of different types of thermal oxidizers concerning VOC 
   treatment [31]. 

Limits and restrictions 

Gas flow [Nm3/h]: 
 

Temperature *˚C+: 
 

VOC-concentration: 

Residence time [20]: 

Other: 

Straight & Regenerative: 900 – 86,000  
Recuperative:90 – 86,000 

Normal :750 – 1,000 
Hazardous VOC: 980 – 1,200 

<25 % LEL* 

0.5 – 2 

No substances that generate corrosive compounds 

*LEL = Lower Explosive Limit 

Table 19. Advantages and disadvantages of thermal oxidizers concerning VOC treatment [31]. 

 Advantages 

 High and constant performance 

 Simple principle 

 Reliable operation 

 High thermal efficiency (lower extra fuel consumption--> 
Lower CO2 emissions) 

 Integration of waste heat or steam generation possible 

 Disadvantages 

 Emissions of CO2 and NOX 

 Risk of dioxin formation (Chlorinated compounds) 

 Flue gas treatment required for VOC containing sulfur or halides 

 Additional fuel needed 

Catalytic oxidizers 

Catalytic combustion is suitable for reduction of emissions from many different stationary sources. 
Lower exhausts volumes are best treated with a small variation in concentration of VOC. Catalyst 
poisons are not to be part of the gas stream. CO is best avoided as are particulates. The catalytic 
oxidation is very similar to thermal oxidation in the way it operates. The main difference is that 
instead of being oxidized in a combustion chamber the oxidation takes place in a catalytic bed. The 
catalyst increases the reaction rate which results in combustion temperature being lower. The gas 
stream needs to be heated before entering the catalytic bed (300 - 500˚C). This is done by auxiliary 
burners. For VOC reduction both fixed-bed and fluidized-bed processes are used [31]. 
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Figure 8. Fixed bed regenerator [31]. 

For the fixed-bed oxidization monolith or packed-bed catalysts are used, figure 8. The monolith is a 
porous solid block with parallel channels along the direction of the gas flow. The channels do not 
interact. This enables minimal attrition due to thermal expansion or contraction during start up or 
shutdown. The over all pressure-drop is also low. The packed bed catalyst is a tube or trays packed 
with particles through which the gas passes. This gives a higher pressure drop than the monolith. 
Another problem with the packed-bed is that due to thermal expansion, particles tend to break [31]. 

The fluidized-bed catalytic oxidizers have high mass transfer rates but generate higher pressure 
drops than the monolith. Because of the constant abrasion of the fluidized catalyst pellets from 
exterior particle the fluidized beds have high heat transfer and are very tolerant of particulate matter 
[31]. 

As with the thermal oxidation there are different types of catalytic oxidizers. The straight, the 
regenerative and the recuperative oxidizers are all represented for catalytic oxidizers and work in the 
same fashion as described for thermal oxidation (figure 7) with the exception of the combustion step 
being a catalytic combustion chamber [31]. Limits and restrictions as well as advantages and 
disadvantages with the technology can be found in tables 20 and 21. 

Table 20. Limits and restrictions of different types of catalytic oxidizers concerning 
   VOC treatment [31]. 

Limits and restrictions 

Gas flows [Nm3/h]: 
 

Temperature *˚C+: 
 

VOC concentrations: 

Residence time [20]: 

Straight & Regenerative: 1,200 – 86,000 
Recuperative: 90 – 86,000 

Prior to catalyst: 300 – 500 
After catalyst: 500 – 700 

<25 % LEL* 

0.3 – 0.5 (variation due to difference in bed volume) 

*LEL = Lower Explosive Limit 
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Table 21. Advantages and disadvantages of catalytic oxidizers concerning VOC treatment [31] 

Advantages 

 More compact than thermal oxidizers 

 Lower operation temperature --> less additional fuel 

 CO abated by catalyst 

 High thermal efficiency (recuperative & regenerative) 

 Integration of residual heat and steam generation possible 

 Little/no insulation requirements 

 Reduced fire hazards (compared to thermal) 

Disadvantages 

 Lower VOC destruction efficiency (to thermal) 

 Sensitive to gas heating value changes 

 Risk of dioxin formation (chlorinated) 

 Risk of catalyst poisoning 

 Removal of particles necessary 

 No regeneration of catalyst possible 

4.3 Measuring 

As mentioned before VOC emissions from a large facility mostly come from diffuse sources. Because 
of this finding the leakage points is vital [28]. To be able to do something in order to minimize the 
VOC emissions one must know the sources, the types and amounts that are emitted. This is done 
through measuring [22]. There are a number of different measuring techniques and in this chapter 
some of them will be briefly introduced. 

4.3.1 Algorithms 

The most commonly used way of quantifying VOC emissions is by using well established 
internationally accepted algorithms for calculation. These assume well maintained equipment and 
good operation conditions. There are many uncertainties in these methods depending on the 
emission source type [22]. The algorithms were the only tool used for controlling VOC emissions until 
the 1980's. These calculations have proven to be very inaccurate when doing calculations on tanks 
and tank parks. They have proven not to be applicable in these areas. To be able to establish the VOC 
emissions from these areas measuring is the only way to go about [20].  

4.3.2 Differential Absorption Lidar (DIAL) 

The Differential Absorption Lidar (DIAL) technology is an optical measuring method for detecting 
concentrations of gaseous substances in the lower region of the atmosphere. The technology is 
based on the absorption fingerprint of each substance. By measuring the maximum and minimum 
absorption of a substance the difference between the two gives a signal that represents the 
concentration of the substance. The measuring is done by a pulsating laser beam sent out to the 
atmosphere. The light is spread and reflected back when hitting particles. By looking at the vector 
field and combining it with the speed of light the distance to the emission can be calculated. [36] This 
technique has received some criticism for not giving accurate measurements at, at least one refinery 
in Sweden and also for not being very open about the process. DIAL used to be the recommended 
way of measuring VOC from refineries in Sweden, but not today [19]. 
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4.3.3 Solar Occulation Flux (SOF) 

The SOF-method was invented by the Swedish company FluxSense. It is based on infra read 
absorption spectroscopy. Hydrocarbons are measured around 3.3 μm where the absorption primary 
is a result of vibrations between carbon and hydrogen in the carbohydrate bond. This area is referred 
to as the “C-H stretch” wave length area. All carbohydrates have overlapping absorption in this area 
but, differences in absorption spectra do occur. Due to this it is hard to quantify specific 
hydrocarbons but, a mean carbon mass can be seen. For alkanes between C3 and C10 the total 
absorption is proportional to the number of C-H bonds. To retrieve the concentrations of specific 
substances the calibration spectra is adjusted to the actual spectra [37]. This method measures 
alkanes only. [20] 

The SOF-technique uses the sun as radiation source. To make sure the radiation is beamed into a 
spectrometer solar trackers are used. The system is stored in a mobile unit which is driven by the 
potential sources. When the solar radiation beam meets a gas plume it is absorbed. A reduction in 
the signal occurs which indicates the gas concentration [22]. The vehicle is driven so that the beam 
passes though a cross section of the gas plume. By adding all the measures for the plume the mass 
flow of gas through that cross section is calculated. Finally, the total mass flow is achieved by 
multiplying the cross section mass flow by the wind speed. Correlations for the slanting angle of the 
sun and possible irregularities in the traversion of the plume are needed. The technique has a good 
sensitivity and can detect flows of a couple of kg / hour at a 50 – 100 m distance. [37]. The great 
advantage with this method is that it is quite cheap. The biggest disadvantage is the need for sunlight 
for measurement to take place. 

4.3.4 Transient Current Technique (TCT) 

The Transient Current Technique is a mobile extractive method that was developed for measuring 
methane emissions from landfills. This has been modified to suit industrial measuring of 
carbohydrates. The measuring is done by sucking in the gas into a measuring cell that is connected to 
an infra read spectrometer. The wave length area that is investigated is 3.3 - 3.5 μm. The light from 
the light source is reflected a number of times before it is sent to the spectrometer. This gives the 
technique a high degree of sensitivity. By measuring how much light is absorbed as a function of the 
wave length the amount of carbohydrates can be obtained. The method is well suited for leakage 
identification. When quantifying the carbohydrate flow from a leak, tracking gas is used. The gas with 
a known flow is released close to the source. The track gas and the leakage gas is then investigated a 
distance from the source. The measuring can be carried out throughout the day or night and are 
independent of weather situations [37]. 

4.3.5 Canister tests 

Canister tests are used to specify what VOC exist in the gas plume and the distribution of these. A 
canister test is simply a test where a canister is placed down wind from the plume and filled with the 
gas composition and then analyzed through gas chromatography. To calibrate the test a blank test is 
taken up wind and the result of this is subtracted from the canister test. The testing is done in 
appropriate conditions to receive a result that is representative for each area. Vacuum pumped 
canisters with inert surface affect the test results minimally. The integration time can differ and can 
be varied in some canisters [37]. 

4.3.6 GasFindIR 

The GasFindIR instrument is a camera based on infra red technology that can visualize a leak on a 
detailed level. The sensitivity area is small and stretches from about 3 – 5 µm where alkanes and 
aromatic hydrocarbons as well as water have a high absorption. The camera detects an integrated 
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signal covering the whole wave length area and gives a qualitative picture in contrast to the TCT and 
SOF technologies that give a quantitative picture. The technology requires a quite concentrated 
emission for detection and a temperature difference between the emission and the background is 
needed. It works best up close to the leak and is recommended as a complement to the SOF and TCT 
measuring [37]. 

4.3.7 Portable instruments 

Portable instruments are used to detect small leakages and emission control. These are flexible 
Photo Ion Detectors (PID) that measures carbohydrate concentrations in the air [37]. They are used 
by the refineries to search for leakages and make sure that equipment is tight and sealed. These are 
called gaspens [20]. 
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5 Case Studies 

Some case studies have been made at different refineries and storage units in Sweden to map out 
the situation in Sweden. This chapter presents these cases and gives an understanding of how and 
what technology and solutions are being used in Sweden and in China to attend the problem. Six case 
studies have been done in Sweden; at Preemraff Lysekil, Shell refinery in Gothenburg, Berg depot 
Statoil Sweden situated in Nacka, Nynas refinery situated in Nynäshamn, Scandinavian Tank Storage 
situated in Torshamnen, Gothenburg and Oxelösund harbor situated in Oxelösund. 

During the study visit to Tianjin 23/2 – 31/2 2010 two refineries were visited, PetroChina Dagang 
Petrohemical Company and China Petroleum and Chemical Corporation, Sinopec, Tianjin Branch. 
Both are located in the South East Bohai Sea of Tianjin in the Tianjin Binhai New Area. In this chapter 
the two companies are introduced as well as their VOC situation and the measures taken to reduce 
these. 

Generally in China the odor abatement part of VOC control is the one most emphasized. For this 
there are regulations and specifications as to how much can be emitted and what type of equipment 
there needs to be for treatment. Besides this, VOC control is not a big issue yet, but is starting to 
emerge as the China strives to become more sustainable [58]. 

5.1 Preemraff Lysekil 

The Preemraff refinery in Lysekil started their production in 1975 and is today fully owned by Preem 
AB. The refinery was designed to refine many different types of crude oil but, the high access and the 
lower price of high sulfur content oils results in a greater use of these oils at Preemraff. After the 
fractioning of the oil (described in chapter 2.1) the different fractions are taken care of and treated 
as necessary, figure 9. Different components are mixed together to a final product that is then 
shipped off to the customer [38]. The main products are gasoline, diesel, propane, propene, heavy 
fuel oils and bunker oil and the processing capacity is 11 million tons of crude per year [39]. 

During the last years the main focus of Preemraff Lysekil has been the production on environmentally 
classified products and the refinery was one of the first refineries in the world to produce gasoline 
without lead additive. From the first of January 2000 the benzene concentration in the fuel is 
minimized to a maximum of 1 percent [40]. 

5.1.1 Measuring techniques 

In the beginning of the 80’s the refinery in Lysekil started reporting amounts of emitted VOC. The 
reported numbers where based on calculations done through the calculation models provided by the 
American EPA. The reported numbers where around 100 – 200 ton/year [20]. 

When the DIAL measuring process came this was used to identify the emissions. This showed that 
the calculations gave a value that at best was 10% of the actual emissions. The beginning of the 
2000’s a Swedish company, FluxSense, developed the SOF measuring method. It is cheaper than the 
DIAL method and can therefore be utilized more often if wished by the company [20]. 

Preemraff has hired FluxSense to measure the VOC emissions since 2002. Measurements are done 
once a year throughout the refinery with SOF technology. The SOF technology only measures the 
alkanes in the air, excluding methane. In 2008 a larger investigation was done using SOF, TCT and 
canister tests. The results from the canister tests have given the company knowledge about what 
substances are emitted and mapped out the composition of the plume. By using this information the 
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environmental engineer has constructed a model so that he can establish the amount of alkenes and 
aromatic compounds that are emitted through measuring of alkanes using the SOF method [20]. 

  

Figure 9. Flow chart of distillation process of Preemraff Lysekil [40]. 

5.1.2 Emitted VOC 

In 2008 the total emission from the plant was 3,910 ton of VOC [40]. 31 different VOC substances 
have been identified for Preemraff Lysekil (Appendix 1). Figure 10 shows the distribution of aromatic 
compounds, alkenes and alkanes in the VOC plume. A rough calculation based on a report from 1990 
gives an estimated value of about 100 tons of methane released per year [20]. 

 

Figure 10. Distribution of alkanes, alkenes and aromatic at Preemraff Lysekil, 2008 [37]. 
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5.1.3 Reduction technology 

Internal solutions 

One example of internal solutions that affect the VOC emissions is that an isomerization step was 
added in 1991 where carbon chains with six carbons or less are isomerized to increase the octane 
number. This results in less benzene being produced in the process. This is primarily done to meet 
the requirements for low benzene concentrations in the fuel but also helps in the VOC emission from 
the plant [20]. 

Double floating roofs are used for the tanks containing kerosene and lighter products as well as crude 
oil. Due to the problem with leaking sides they have added a rubber tube filled with oil as seals. It is 
laid around the sides covering a larger part of the tank sides and thereby sealing off the majority of 
the leaking places. Tanks containing other products are attached to the torch through 
pressure/vacuum valves. Double seals are applied throughout the process and there are programs 
for maintenance and leak searching in the process area [20]. 

Preemraff Lysekil also exports some of its waste heat to the district heating in Lysekil. In 2008 
38 GWh where delivered to the grid [40]. 

External solutions 

Carbon filters 

There are plans to install carbon filters on the heavy oil tanks to eliminate the smell of oil. Initially 
one tank will be equipped with a filter and if it proves to be effective two more tanks will receive 
carbon filters. This is mainly an odor control action but will capture VOC [20]. 

Torch 

The torch serves as a protection valve for the refinery and during 2008 9,693 tons of gas was 
combusted in the torch. Of this total 1,476 tons was hydrogen gas. There might be a small amount of 
nitrogen gas but this is not monitored so 8,217 tons can be considered to be hydrocarbons. During 
2010 Preemraff are planning to install a compressor to be able to use a larger amount of the torched 
gas as a burning gas in the refinery and thereby minimize the amount of propane used as burning 
gas. This propane can instead be sold to customers [20]. 

Vapor Recovery Unit 

When diesel or gasoline is loaded to ships, Preemraff uses a Vapor Recovery Unit (VRU) to minimize 
and control the emission of VOC to the atmosphere. This contributes to improve the environment, 
security, health, and economy of the plant and the people working there and their surroundings [41]. 

During loading the product comes in contact with the air and part of it evaporates. The degree of 
evaporation depends on many different factors, temperature being the most critical one. It depends 
on the steam pressure of the loaded product, the degree of saturation in the storage, the 
temperature of the hull and type of technique used in the inlet of the tanks. The volume of the 
superseded gases tends to exceed the volume of the loaded product. The facility is designed to 
handle 4300 m3 fluids to the ships. When the product is filled in a tank the remaining gases from 
inside the tank along with the evaporated gases from the product are supplanted. This is then lead 
through a loading arm and through a pipe line that leads to the VRU. To ensure that no self ignition 
occurs, there are flame arrestors assembled right before the inlet to the VRU. The gas in the tanks 
will sometimes be explosive due to presence of oxygen. If this gas should ignite the whole VRU 
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system is designed to tolerate an internal explosion [41]. The VRU regenerates about 720-980 ton 
gasoline and diesel every year [20]. 

Adsorption stage 

When the gas enters the VRU it is lead directly to the vacuum regenerated activated carbon filter, 
which is set to adsorption, figure 11. This is divided into two separate filters. Every filter has two 
beds. During the adsorption the bed can be divided into three zones, the inlet zone, the adsorption 
zone and the out let zone. The inlet zone is located at the bottom of the bed. Here, the carbon filter 
is saturated with VOC and equilibrium is reached, the higher the concentration of VOC, the better the 
adsorption. In the second zone, the adsorption zone or MTZ (Mass Transfer Zone), the concentration 
of VOC decreases with the distance from the in let zone. The outlet zone is at the top of the bed. In 
this zone the carbon is free from adsorption. If there would be a break through, if the MTZ would 
reach the top of the bed, large concentrations of VOC would leave the VRU. During normal 
conditions, an adsorption cycle of 15 minutes assures that an exchange to new filters can be done 
before a break through of MTZ can occur. When the VRU is running one of the filters is in running 
mode, and the other is in regeneration mode. The filters automatically shift between adsorption and 
desorption on a regular basis of 15 minutes per period [41]. Not all VOC are adsorbed in the unit, as 
mentioned in the chapter concerning VOC reduction technology basics the carbon only captures 
carbon chains of size C3 ad up. That means that all shorter chains go right through the unit [33]. 
These shorter chains only occur in small concentrations in diesel and gasoline [20]. 

 

Figure 11. Flow chart of the VRU situated in the product port of Preemraff Lysekil [42]. 
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increase in temperature in each bed and in the out let of the filters through a temperature sensor. 
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The CO detector controls the concentration of CO in the outlet flow. This system is much more 
sensitive than the temperature detecting system since even a very small hot spot generates CO. The 
CO detector also detects an increase in VOC which triggers an alarm. If a hot spot is detected the VRU 
will be stopped and the adsorption bed will be isolated by automatic valves in the in let and out let of 
the VRU. This blocks the oxygen infusion and prevents the further development of hot spots. To 
eliminate the hot spots the bed must be cooled. This is done through nitrogen flushing of the filters. 
As an alternative, circulation of gas can eliminate the heat from the bed. The heat is removed 
through pumping of packing fluid through the tube heat exchanger. The VRU is back to normal when 
the heat is removed [41]. 

Ships that do not carry inert tanks can have CO concentrations that create problems for the hot spot 
control system. In these cases the stop function of the CO detector will need to be by passed, in 
which case the detection of hot spot is reliant only on the temperature detection, another option is 
not to attach the ship to the VRU. Today the CO-detector system is not used at all since most ships 
use exhaust gas to inert the tanks. The exhaust gas has a high amount of CO which means that this 
detector does not work for hot-spot detection [42]. 

 

Figure 12. The VRU at Preemraff Lysekil [42]. 

Desorption (regeneration) 

When an adsorption bed is saturated with VOC it needs to be regenerated to restore the ability to 
adsorb. This is done through decreasing the pressure in the adsorption tower, which results in the 
partial pressure changing. The pressure is decreased by 895 mbar. Depending on the concentration 
of VOC in the bed, the time in reaching this differs. A timer function makes sure that the clean air 
supply is open during the last 4 minutes of regeneration [41]. 

Absorption 

The VOC that are regenerated from the carbon filters are lead to the bottom of the absorption tower 
and rises to the top out let, figure 11. A demister is installed at the top to ensure that no fluid leaves 
the tower and enters the gas circulation pipes. The VOC are caught in an absorbent, reformate, 
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which goes through a fluid distributor and down through the tower [41]. The absorbed hydrocarbons 
are then pumped back to the production process and used as an additive in the mixing of gasoline 
and diesel [42]. 

5.1.4 VOC emission reduction 

Through the years Preemraff has worked hard to minimize the emissions of VOC from the refinery. In 
adding different external technology and prioritizing maintenance they have managed to decrease 
the emissions. In table 22 one can see that the VOC emission decreased by almost 200 tons per year 
between the years of 1999 and 2005. The table also shows that the benzene emissions decreased by 
around 85% and the toluene around 60% [43]. 

Table 22. Intercomparison of the VOC emissions from Preemraff Lysekil [43]. 

 1999 2004 2005 

Total VOC 4850 ton 4725 ton 3090 ton 

Benzene 215 ton 55 ton 36 ton 

Toluene 330 ton 196 ton 128 ton 

It is hard to compare the results on a yearly basis since due to the variation in collected data and 
used methods. By using the composition of alkanes, alkenes and aromatics that was decided in 2008 
for each emission point and recalculating from the original measuring values Preemraff Lysekil it is 
possible to compare the emissions from year to year. Figure 13 shows the emissions recalculated in 
this way. The emissions are from 2003 until now, the years when the SOF technology was used. Since 
the documented emissions are based on measuring done during short periods of times there is a 
natural variation in the amounts emitted. It is much dependent on how the running of the process 
was at that point. The emissions sources that are the most affected by this variation are the process 
and the waste water treatment [20]. 

 

Figure 13. A historic chart of the total emissions based on the plume composition of 2008 
   [20]. 
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The great decrease in VOC emissions between 2004 and 2005 can be explained by the moving of low 
sulfur crude oil from the largest crude oil tank and using this tank for high sulfur crude oil instead. 
This improved the emission state greatly. The low sulfur oil was stored in a smaller tank. For that 
specific tank the emissions increased but this was a marginal increase in comparison to the total 
decrease. The improvement is probably due to the tank top seal on the smaller tank that was better 
at preventing leakage [20]. 

Figure 13 also shows a decrease in emissions from the product port. This is due to the installation of 
the VRU in 2003. Before the installation the emissions from the product port was 800 to 1,000 tons 
per year. In 2009 that number was 20 tons per year. This gives an efficiency of 97.5 - 98% [20]. 

 

Figure 14. Area emissions from Preemraff Lysekil 

 

Figure 15. Area emissions from the different tank parks in Preemraff Lysekil. 

Through measuring, it is also possible to map out the largest problem areas at the plant. As can be 
seen in figure 14 the main problem areas for VOC emissions are the tank parks and the process area. 
Figure 15 shows that amongst the tank parks it is the crude oil tanks that emit the most VOC [37]. 
This is due to the large amount of compounds with high volatility in the crude. These are fractions 
that are separated in the process [20]. 
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5.2 Shell refinery, Gothenburg 

In 1947 the construction of an oil refinery in Gothenburg started by Stora Kopparberg AB and Rederi 
AB Transatlantic. In 1949 the production started and since 1964 the refinery is a fully owned 
affiliated company to Shell Raffinaderi AB. The company produces about one fourth of the Swedish 
need of oil products. Most of the oil used comes from the North Sea. The oil from the North Sea is of 
low sulfur content and is transported shorter distances from source to the refinery. About 4 million 
tons of crude oil is handled through the year. The main products are liquefied gasoline gas, jet fuel, 
gasoline and diesel. Fuel oils with low sulfur content are also produced [28]. Figure 16 shows a 
schematic picture of the process. 

 

Figure 16. Simplified flow chart of distillation process of Shell refinery, Gothenburg. 

5.2.1 Emitted VOC 

Shell refinery in Gothenburg works hard to minimize the VOC emitted from the refinery. In 2008 the 
refinery reported 1,071 ton VOC emitted in total from the refinery. For the refinery there are 34 VOC 
compounds identified (Appendix 1) [28]. Figure 17 shows how these are distributed as alkanes, 
alkenes and aromatic compounds [44]. 
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Figure 17. Distribution of alkanes, alkenes and aromatic at Shell refinery, Gothenburg 2008 
[44]. 

5.2.2 Reduction technology 
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put on minimizing these emissions [28]. 

Internal solutions 
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External Solutions 

Vapor Recovery Unit 
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routines and only moisturizing the bottom filter [26]. 
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Torch 

The torch is considered to be a great safety valve for the refinery used during start-ups, shut-downs 
and emergency situations. During normal operation all gas is used as internal refinery fuel and 
torching is done very rarely [28]. 

5.2.3 Measuring techniques 

Shell puts great emphasis on measuring and identifying VOC leakage places within the plant. 
FluxSense makes continuous measurements at the plant [28]. 

5.2.4 VOC emission reduction 

Figure 18 shows the history of emitted VOC from Shell refinery Gothenburg. The diagram stretches 
from 1996 to 2008. In 1996 the first DIAL measuring was done at the refinery, before this the 
amounts of emitted VOC was calculated and are not considered reliant. The graph shows that in 
2003 the emissions where significantly higher than previous and following years. This deviation is 
explained by the fact that a total production stop occurred two weeks before the first series of 
measuring in 2003. Leak searches that aimed to find leakages that could have occurred in the process 
equipment during the stop had not yet been carried out in all the plant before the measuring started. 

 

Figure 18. Annual inter comparison of VOC emissions from the Shell refinery, Gothenburg 
   [44]. 

Figure 19 shows where the greatest deviation between 2003 and 2004 can be detected. Here it is 
clear that the process, the hysomer and the waste water treatment facilities vary the most. Between 
2003 and 2004 there are three documented reparations in the hysomer area and seven reparations 
in the process area. All of these reparations were either of leaks or malfunctioning equipment. This 
would explain the great deviation in these areas. In the east tank park there was a large maintenance 
work in 2003 with reparations and cleaning of tanks. This caused a large amount of oil contaminated 
water to be taken care of by the waste water treatment. The data from the measuring in 2003 are 
not considered representative for the refinery due to these reasons [26]. 
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Figure 19. Comparison between emissions in 2003 and 2004 from the different refinery 
   areas. 

Like in the Preemraff case study the tank parks are the primary emitters of VOC, figure 20. Here the 
tank parks are divided into the West Tank Park and the East Tank Park. The West Tank Park stores 
crude oil and intermediate products and the East Tank Parks is for the finished products. When 
consulting figure 21 we can see that it is the West Tank Park that is the main emitter of VOC between 
the two tank parks [26]. 

 

Figure 20. Area emissions for Shell refinery, Gothenburg 2008. 
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Figure 21. Area emissions from the two tank parks at Shell refinery, Gothenburg 2008. 

 

5.3 Nynas, Nynäshamn 

Nynas is a company that differs from a diesel or gasoline producing oil company. Instead of focusing 
on fuels thier main production is specialized oil applications, in which they are world leaders. The 
main products are naphthenic products and bitumen products. Gasoline distillates are also produced 
in the crude refining process and this is sold as marine fuel [46]. Because of the difference in 
products to the former mentioned oil refineries, the process differs. Also, Nynas usually uses very 
heavy crude oils and therefore less VOC are emitted from the crude oil in comparison to other 
refineries where lighter crudes are used. The kinds of substances in the VOC plumes and the amounts 
will therefore differ greatly to an ordinary refinery [19]. 

5.3.1 Emitted VOC 

In 2005 the total amount of emitted VOC was reported to be 435 tons. The measurements were 
done by three different methods all three showing different results. The method showing the results 
in the middle was determined to be the most accurate. The emissions from the heated bitumen 
mostly consist of aerosols but there are also some VOC being emitted. The types of VOC differ from 
the ones from diesel or gasoline [19]. Figure 22 shows the greatest emitting areas in the refinery to 
be the process area and the emission treatment facility. 
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Figure 22. Area emissions from different parts of refinery area at Nynas refinery, Nynäshamn. 

5.3.2 Reduction technology 

In November 1999 a new unit for nitrogen inertation of the 10, already existing, bitumen tanks was 
introduced to the process [47]. Two more tanks where added later. The inerted tanks are linked 
together and when a ship is loaded with product, nitrogen gas is added to the tanks to level the 
pressure. This is controlled by vacuum/pressure valves. When the tanks are loaded the pressure is 
evened out over all the tanks. If there should be an over pressure the vacuum/pressure valves will 
release gas to the atmosphere. Since the bitumen tanks need to be heated there were formally great 
amounts of VOC leaking from the tank park. By installing the inert tank system the emissions have 
been greatly reduced [19]. 

The tanks filled with naphthenic oils are also heated. The gases emitted here are lead to an oven 
where they are destructed. Parts of the gases go to the waste water treatment after having passed a 
scrubber. There are potential leakages here and surface oil is common in the waste water treatment 
ponds. The ponds are covered but, on hot days there may still be some leakages. 

Light gasoline is used in the hydrogen gas unit. This is pumped to tanks that are equipped with 
floating roofs. The roofs have double seals to minimize leakage [19]. 

Nynas Refinery Gothenburg 

Nynas refinery Gothenburg has the same kind of operation as Nynas in Nynäshamn. They have 
implemented an on-line control system for quality control of the product worth mentioning here. 

At the refinery a project to give the process operators online feed back about the product quality was 
implemented at Nynas refinery. Before the project the result of the quality was given a couple times 
per day through laboratory analysis. This could result in the process being run incorrectly for a couple 
of hours before it was detected. Worst case scenario, this could lead to the process having to be re-
distillated. Since re-distillation leads to more unplanned emissions the project minimizes VOC 
emissions [48]. 
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5.3.3 Measuring techniques 

In the Gothenburg refinery there were several measurements of VOC performed with DIAL laser 
technology done in the 90’s. The DIAL technology was used to measure the VOC emissions for the 
refinery in Nynas. It became clear that this technology was not appropriate for the specific emissions 
at Nynas. From bitumen large amounts of aerosols are emitted which disturb the DIAL measuring. 
This resulted in measurements being about 101 off. From these measurements the VOC emissions 
form the refinery in Nynäshamn where estimated. It became clear that the emissions where higher 
than what was formerly reported. Instead of emissions of about 520 tons/yr, the emissions added up 
to about 1500-2000 tons/yr [47]. 

The SOF technology was tried and showed to be much more accurate and is now used in both of the 
Nynas refineries in Sweden [19]. 

Leakages are systematically looked for every year. Over 1000 measuring places are used for this [19]. 

5.3.4 VOC emission reduction 

A great reduction of the VOC emitted from the bitumen tanks has been determined at Nynas. This 
was due to the implementation of inert tanks for the bitumen storage. Before this was implemented 
emissions of size 1000 ton per year (~114 kg/h) were reported. [49] After the implementation, 
according to the SOF measuring in 2005 the number was 0.7 kg/h [50]. The great decrease can be 
seen in figure 23. 

 

Figure 23. VOC minimization after implementing the communicating tanks at Nynas refinery, 
   Nynäshamn. (rough calculation) 
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5.4 Berg depot, Statoil Sweden, Nacka 

Bergs is today the only place for storage of bunker oil in Stockholm. During 2008 about 250,000 m3 
where handled by the depot. Berg depot has around 40 tanks and under ground storage chambers. 
Large investments have been made to make Bergs oil harbor in Nacka one of the safest and most 
environmental depots. [51] The purpose for the depot is to provide Stockholm with the 
petrochemical products needed. 

5.4.1 Emitted VOC 

The VOC that are measured in this case are the aromatic compounds. There are other VOC present 
but how much, or which they are is not known [52]. 

5.4.2 Treatment technology 

All class 1 product tanks are equipped with double roofs where the inner roof is a floating roof [52]. 

VRU 

A vapor recovery is used when loading class 1 fuels to trucks. This recovered 440 m3 of gasoline in 
2008 and has a high efficiency [52]. 

Three step gas treatment filter 

The gas that is evaporated from the oil consists of many types of organic compounds. Most of the 
compounds are not able to be detected by the human sense of smell. But, there are some gases that 
emit odors and some do so even when present in very low concentrations. The three step gas filter 
aims to remove these compounds, primarily. The relevant substances are mercaptans, hydrogen 
sulfur, and toluene [53]. 

The first step in this three step gas treatment filter is to collect the gas. Due to a well designed 
collection system the amount of gas that is produced when loading of unloading diesel is minimized. 
The gas then enters the gas treatment filter. The filter ensures that the gas is cleansed to close to 100 
%. Because of the great variety of compounds in the gas stream different filters are required to 
achieve a high odor reduction. That is why the filter is constructed with three separate filters; a 
bioceramic filter, an activated carbon filter and a polishing filter, each with its own purpose, figure 24 
[53]. 

Technical description of the gas filter 

The first step in the gas treatment filter is a bioceramic filter. Part of the substances, mainly hydrogen 
sulfur and mercaptans, are degraded by microorganisms. The remaining compounds, mainly VOC, 
flow through the filter to the next step [53]. 

The next step is an activated carbon filter where the VOC are separated using adsorption [53]. Before 
the gas enters the adsorption chamber there is a valve where air can enter to ensure a constant flow 
in the adsorption bed [52]. Most of the VOC are adsorbed in the second step. The carbon is 
regenerated through heating with hot steam. The steam causes the VOC to desorb and they leave 
the carbon filter with the steam. The steam mixture is cooled beneath the condensation temperature 
and the liquid containing VOC and water is sent to the internal waste water treatment for further 
destruction [53]. 
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Figure 24. Flow chart of three step filter used in the oil depot in Nacka, [52]. 

The gas stream is finally polished in an impregnated activated carbon filter. The purpose of this is to 
attend to the low concentration of residuals from the second step. The properties of this filter are 
such that it can take care of very low concentration of sulfur compounds [53]. Figure 25 is a picture 
of the filter at Bergs depot. 

 

Figure 25. Three step filter in Nacka. The flue gas flows from the right chamber, the biofilter 
   to the carbon filter, middle, to the polishing, left, and clean air is released through  
   the chimney [53]. 
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5.4.3 VOC emission reduction 

Measurements where done to see how the three step filter minimized the emissions. Figure 26 
shows how the emissions without the filter at two different measuring times. With the filter in use 
the values for all of the VOC where below 0.1 mg/m3 at both times of measuring [53]. 

 

Figure 26. Emissions from the tank park in Nacka before the three step filter was added. 

 

5.5 Scandinavian Tank Storage, Torshamnen, Gothenburg 

At the Port of Gothenburg there is a crude oil terminal called Torshamnen (Tors harbor). AB Svenska 
Shell and Preem Raffinaderi AB are the most frequent users of the terminal. Scandinavian Tank 
Storage AB (STS) is an independent storage company for petroleum based products. The company 
was launched in 1993 and has grown with about 40% since then. One of the facilities they have is an 
under ground crude oil storage facility in Torshamnen. The total storage capacity is 600,000 m3 with 
a pumping capacity of 6,000 m3/h [54].  

5.5.1 Emitted VOC 

The amount of VOC released into the atmosphere today during the loading process is not known 
[45]. 

5.5.2 VRU 

STS has ordered a VRU to circulate the vapors being pushed out from the ships during the loading 
process. The vapors are to be recovered and sent back to the storage. This is an activated carbon 
adsorption based VRU similar to the one described for Preemraff Lysekil only it has two sets of paired 
adsorption beds. A problem that occurs with vapor from under ground storage is that it not only 
contains VOC but a great deal of humidity. This needs to be removed before the vapor can enter the 
activated carbon adsorption beds. To attend to this a Knock-Out drum, a vapor-liquid separator, is to 
be installed to separate any liquid from the vapor stream. The VRU is expected to reach a 93% VRU 
recovery yield, not including methane. The ships that are loaded are required to be inerted [55]. 
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5.6 Oxelösund harbor 

Oxelösunds harbor is a common harbor that is owned to 50% of the municipality of Oxelösund and 
50% of SSAB. It is a transit harbor which means that loading and unloading of tanks is constantly 
taking place. The harbor has seven under ground storage facilities for storing oil. Only six of them are 
in use. The under ground storage facilities have one joint ventilation system where the air is allowed 
to rise straight into the atmosphere. During loading the oil is pumped from the ship to the storage. 
The loading takes about 24 – 48 hours and the process flow out is 400 – 4,000 m3/h. Each year about 
80-100 loadings occur. To be able to pump the oil, it needs to be kept at 55 – 60°C. The storage has a 
capacity of 1 million tons of oil. The two oils that are stored in Oxelösund are thick oil and Vacuum 
Gas Oil (VGO). The harbor also has containers for storage above ground. All the transportation of the 
oil is done by ship. In table 23 the VOC concentrations in each chamber can be seen [56]. The air 
consists almost exclusively of hydrocarbons with straight alkanes dominating. Cycloalkanes, alkenes 
and aromatics also exist in the gas mixture. A second measuring shows that the air contains a large 
amount of light hydrocarbons. Methane makes up at least 50% of all of the hydrocarbons [57]. Table 
23 shows the VOC concentrations in the air of each chamber in Toluene equivalents. 

Table 23. VOC concentrations in the under ground storage chambers [57].  

Under ground storage chamber: 1 2 3 4 5 6 

TVOC 
(mg/m3 Toluene equivalents) 

900 7,900 530 750 5,200 4,500 

By knowing the amount of VOC in the chambers one can see how much VOC will be pushed out of 
the chamber during the tanking process. By using the data for filling above a quick estimate 
calculation gives a mean of 180 ton toluene equivalents released per year. 

5.7 PetroChina Dagang Petrochemical Company, Tianjin 

PetroChina Dagang Petrochemical Company is located at South East Bohai Sea of Tianjin. In the past 
it was called Dagang Oil Field Oil Refinery. In 2000 it became a shareholding company. The capacity 
of crude oil processing is 5 million tons per year. They produce over 40 kinds of products with the 
main products being gasoline, diesel, grease oil, liquid gas, propylene, MTBE and low sulfide 
petroleum coke. The crude oil used is mostly domestic oil with a high content of paraffin [59]. 

The company has three oil storage areas. At the Tianjin Port there is a storage capacity of up to 
600,000 tons of crude. The crude oil is transported to the Tianjin Port by ship and then transported 
to the refinery area by pipelines. The particular unit at Tianjin is only responsible for production. 
They have no contact with costumers, but ship their product to different PetroChina units where the 
products are sold. The products are mostly transported by speed way and pipe lines. Transportation 
by rail way and ship occurs, but less often [60]. 

5.7.1 Emitted VOC 

In 2002 an Environmental Impact Assessment (EIA) Report was written for PetroChina Dagang. In 
this, emissions from different parts of the refinery area are quantified. The EIA was done by TAES. 
Figure 27 gives the emission quantities from the different unit. 
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Figure 27. Point source emissions from PetroChina Dagang Petrochemical Company Tianjin. 

The total of the point source VOC emissions are estimated to 227 kg/h [61]. Figure 27 shows that the 
crude oil storage is by far the largest point emission source. When merging the process steps that are 
separated in figure 27, it can be seen that the emissions from the crude oil storage is more than 
three times the size of all of the process together, figure 28. 

 

Figure 28. Point source emissions from PetroChina Dagang Petrochemical Company Tianjin,  
   process parts merged. 

5.7.2 Reduction technology 

The main solution for VOC treatment is the torch. 

Right before the 2008 Olympic Games in Beijing and Tianjin the government decided that the oil 
refineries in Tianjin should set an example implementing vapor recovery units (VRU) in all petrol 
stations. PetroChina Dagang, Tianjin, decided to implement a VRU when loading naphtha on to 
trucks, figure 29. This utilizes membrane separation technology. The efficiency could not be told as 
the company does not use the unit [60]. 

Storage tanks are equipped with floating roofs for minimization of evaporation losses. 
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Something that is highly prioritized at the refinery is odor control. They have a two step biologic filter 
with an alkali polishing step where the gases from the waste water treatment system are purified, 
figure 30. The efficiency is about 80% [60]. 

 

Figure 29. On top: The VRU at PetroChina Tianjin used for vapor recovery when loading to  
   trucks. Bottom from left to right: The membranes, the outlet valve, and the  
   absorption tower. 

 

Figure 30. The odor control unit showing to the left: step 1: Biologic tower, to the right: step  
   2: Alkali polishing. 
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5.7.3 Measuring techniques 

There is no measuring being done regarding the total emissions of VOC at the refinery. There are 
simple measuring devices that are mainly used to make sure no combustible gases are present when 
carrying out procedures that could cause ignitions [60]. 

 

5.8 China Petroleum & Chemical Corporation, Sinopec, Tianjin Branch 

Sinopec is a state owned company that produces gasoline and petrochemical products. The Tianjin 
branch is located in Tianjin Binhai New Area close to the sea and linked by railway and highway to the 
city of Tianjin. Sinopec Tianjin Branch consists of 23 oil refining units, 21 chemical production units 
and 3 major chemical fiber production units [62]. In 1970's the capacity of the refinery was 2.5 
million tons crude oil per year. This increased with an additional 2.5 million tons in the 90's. In 2009 
an additional step was taken and a unit with the capacity of processing 10 million tons of crude was 
added. This unit is under commissioning at the moment and therefore very little information could 
be given about emissions [63]. 

The first 2.5 million ton capacity unit that was built in the 70's is now abandoned. At current the 
facility (total capacity of 12.5 million ton crude) is running at 60 – 70% on load operation. In the end 
of this year the refinery hopes that the 10 million ton capacity unit will be running at 100%. The 
commissioning will at that point be over. The crude oil used is imported from the Arabic countries. It 
is a 50/50 mix of heavy and light oil. The company produces naphtha, gasoline, diesel and kerosene 
among other products [63]. An overview of the production in February can be seen in table 24. 

Table 24. Products produced during Feb 2010 at Sinopec, Tianjin Branch. 

Total amount of product: 770 thousand tons 

Gasoline/diesel/kerosene: 390 thousand tons 

Naphtha: 178 thousand tons 

There is no specific legalization regarding VOC emissions at the refinery. But for CO2 emission and 
sulfur recovery they have two units each.  

The crude oil is delivered from Arabic countries by ships to the harbor. The crude is then transported 
by pipe lines to the refinery area. There is no VOC treatment in this step. The product is shipped to 
customers through pipe lines or by truck to Tianjin International Airport where it is flown to the 
clients [63]. 

5.8.1 Emitted VOC 

Since the plant is under commissioning no values for emitted VOC could be revealed [63]. 

5.8.2 Reduction technology 

The main solution for VOC control is the torch. Because of the commissioning no values of the 
efficiency of this could be given for sure [63]. 



Treatment technology for VOC emissions from oil refineries  Hanna Odén 
Master Thesis IVL/KTH 

 55 

The plant has a central control system that controls all the different units. If something is inconsistent 
the malfunctioning part can be located and replaced. Replacement is done as soon as possible. Every 
three years there is a maintenance stop for all of the plant to be maintained. During this, all broken 
parts are replaced. The pipe thickness is measured to see if it needs to be replaced. They also work to 
ensure that the pipes are tight. There is a control system that indicates when the amounts of emitted 
gas are too high. It reacts to toxic gas and to combustible gas. The toxic gases include benzene (C6H6) 
and hydrogen sulfide (H2S). The combustible gases are mainly made up of methane (CH4), ethene 
(C2H4) and propane (C3H8) [63]. Exactly what the limits for these different gases are could not be 
given but a qualified guess made by Mr. Zou Ming at the Monitoring Department in Tianjin was that 
the toxic gas limit is when gases are emitted at volumes where it starts affecting the human health. 
The limit for combustible gases is most likely the lower explosive limit for the substances and is also 
dependent on the oxygen concentrations [64]. 

Active measures taken to control VOC is applying floating roofs on tanks. Also the control system 
indicates when there is a leak and this is tended to. There is an emission incinerator that combusts 
VOC. The gas is collected through a pipe line [63]. 

VRU units are also installed throughout the Sinopec group. As for the Petro Chinga Dagang example 
they also utilize membrane separation technology, figure 31. These are mostly implemented at 
gasoline stations [58]. 

 

Figure 31. Simplified flow chart of a membrane separation VRU used at the Sinopec 
Changling Branch [58]. 

5.8.3 Measuring techniques 

As required by regulations there is regular measuring of emissions to the atmosphere but the value 
of this cannot be revealed because of the commissioning. 

The measuring technology is according to national standards. [63] The standards states that 
measuring must be done with Tenax and Canister samples. These are collected and analyzed through 
gas chromatography. There is no online monitoring required or being carried out [64]. 
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6 Evaluation 

In this chapter the previous chapters will be discussed and the information gained will be evaluated. 
Since the data retrieved from the Chinese refineries is insufficient to make a qualitative evaluation of 
the state their VOC treatment and thinking it is not possible to propose measures for these two 
refineries. Instead this evaluation will focus on general problems and solutions at refineries and give 
an idea of what can be done to improve the VOC emission situation at refineries. 

6.1 Ecological evaluation 

China has great focus on odor control but this is just one small part of the VOC problematic. As was 
mentioned in chapter 6.6 methane makes up a large part of the VOC emissions from crude oil 
storage when using a light crude oil. Methane contributes greatly to the GW effect and it is therefore 
important to treat it. There is a potentially large leakage of GW gases to the atmosphere from 
refineries. In addition to this, the VOC contribute to the ozone formation potential and without any 
treatment very large amounts of ozone formatting substances are emitted to the atmosphere. Odor 
is the most obvious problem as we can notice it without any technology but, the other VOC make up 
a large, if not even larger problem. Some of the gases are also toxic and can in some cases lead to 
cancer. An impact evaluation in the following chapter shows how VOC from two refineries in Sweden 
contribute to GW, OF and their toxicity. 

6.1.1 Impact evaluation 

To evaluate the emissions from oil refineries a study of the effect of the emissions has been done. By 
utilizing the CLM2001 and the EDIP97 databases (chapter 2) the contribution to ozone formation and 
the toxicity has been studied. The global warming contribution has also been decided. The different 
values have been calculated for NMVOC since methane is not included in the measuring done by 
FluxSense and therefore no data is available for methane. 

The values are taken from the FluxSense reports for Shell refinery Gothenburg and Preemraff Lysekil 
both from 2008. The values for each compound was given in μg/m3 for different emission sources. To 
retrieve the total impact the concentrations needed to be added together. Therefore the same wind 
speed was assumed for all the plant. When the total amount for each compound was retrieved, the 
fraction of the total for each compound was calculated. As a base for calculations 1 ton of crude oil 
was used. The fraction for each compound was multiplied by the total kg VOC/ton entered crude oil 
and a value in mg/ton crude oil was calculated. 

This value was then multiplied by the ozone formation potential for each compound. For some 
compounds there was no information given specifically, and in those cases the general formation 
potential for VOC was used. For CML2001 those compounds were iso-butane, iso-pentane, prpyne, 3-
methylpentene, isooctane, 1-betene, isoprene and 1,3,5-TMB. For these 0.11 kg Ethene equivalents 
was used. For the EDIP97 database values were missing for iso-butane, propyne, isooctane, 1-betene, 
1,3-butadiene, isoprene, and 1,3,5-TMB and these were given the values for low NOX 0.4 Ethene 
equivalents and for high NOX 0.5 Ethene equivalents. Three total ozone formation potentials were 
then calculated for each refinery and multiplied by the total entered crude oil to give the total yearly 
value. This was compared to the Yearly Person Quota.  

The toxicity was calculated by multiplying each compound amount per ton crude oil with the DCB 
equivalent value for that compound. The compounds that were given values for was ethene, 1,3-
butadiene, benzene, toluene, m+p-xylene and o-xylene. 
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The global warming potential was calculated by multiplying the total VOC emission in kg per ton 
entered crude oil by 3 CO2-equivalents. 

The results for each refinery can be seen in table 25. For calculations see appendix 2a&b. Table 25 
shows that the effect on the environment differs from a refinery to another. Preemraff contributes 
more to the ozone formation potential than Shell when using data from CML2001. There is a 
difference in the OFP in a low and high NOX environment for Preemraff whilst for Shell there is no 
difference according to the DEPI97 database. On the other hand, Shell has much higher toxicity than 
Preemraff. The GW contribution from the VOC emissions is similar in both refineries.  

Table 25. The environmental impact of VOC emissions from Preemraff Lysekil and Shell 
   refinery Gothenburg per ton loaded crude oil. 

Effect Database Preem Shell  

OFP CML2001 130 90 [mg C2H4 -equiv] 

EDPI97 High NOx 180 120 [mg C2H4 -equiv] 

Low NOx 170 120 [mg C2H4 -equiv] 

Toxicity CML2001 4200 13000 [mg DCB-equiv] 

GWP EDPI97 1.0 0.8 [mg CO2-equiv] 

To be able to say if the values in table 25 are high or low they need to be compared to some 
standard. For Ozone formation and Global warming contribution Yearly Person Quota (YPQ) was 
used as a standard. This resulted in table 26 which gives how many times more the different 
refineries contribute per ton crude oil than a normal person does each year.  

Table 26. The environmental impact of VOC emissions from Shell refinery Gothenburg on the 
   ozone formation and global warming per ton loaded crude oil compared to the  
   early personal quota. 

Effect Database Preem: 
Effect per ton crude / 
YPQ 

Shell: 
Effect per ton crude / 
YPQ 

OFP 
[C2H4 equiv] 

CML2001 2.3 E-02 1.6 E-02 

EDIP97 High NOX 3.1 E-02 2.1 E-02 

Low NOX 2.9 E-02 2.0 E-02 

GWP 
[CO2 equiv] 

EDIP97 1.5 E-07 1.2 E-07 

GWP methane 
5% 

EDIP97 6.45 E-5 4.55 E-5 

GWP methane 
50% 

EDIP97 5.45 E-4 4.55 E-4 

As can be seen in the table the ozone formation per ton crude oil is less than what one person 
contributes to in a year. Given the fact that the refineries process many million tons of crude to total 
number adds up and becomes a very large impact source. The contribution to global warming is very 
much less than that of one person. It should be noted that this is only the impact from NMVOC 
accounted for and that the refineries contribute much more through CO2 emissions and potential CH4 
emissions. The number does however show that the NMVOC do not contribute a great deal to the 
global warming. In the case study of Oxelösunds Harbor, chapter 5.6, it can be noted that in the 
plume of the under ground storage of crude oil 50% of the VOC was methane. We can therefore be 
sure there is a methane emission as well. Table 26 also shows the GWP of the methane gas if 
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assumed it to be 5% or 50% of the total measured NMVOC emission. Considering this one can see 
that the methane emissions make up a large amount of the GWP. But, in VOC combustion, as in 
torching, the VOC are combusted to CO2. That implies that VOC have a secondary GWP. If the total of 
combusted VOC in the torch is assumed to be alkanes of type Propane (C3H8), that would give a total 
of approximately 25,000 ton CO2 for Preemraff and 3,000 ton CO2 for Shell refinery produced in the 
torching if full combustion is assumed. If this is taken in consideration one can see that the total 
effect of the NMVOC is mostly made up by the secondary effect from the torching, table 27. 2.2 kg 
CO2/ton crude oil for Preem and 0.75 kg CO2/ton crude for Shell and that compared to the Yearly 
Person Quota is 3.2*10-4 and 1.1*10-4 times less for Preemraff and Shell. The results are rough 
estimates as the assumption that all VOC are propane is very rough as is the assumption of full 
combustion.  

Table 27. Total GWP per ton loaded crude oil including primary and secondary affects of VOC. 

Effect Preem 
Effect per ton 
crude 

Preem 
Effect per ton 
crude / YPQ 

Shell 
Effect per ton 
crude 

Shell 
Effect per ton 
crude / YPQ 

Primary GWP 1 [mg CO2  
equiv] 

1.5 E-7 0.8 [mg CO2 
equiv] 

1.2 E-7 

Secondary GWP 2.2 [kg CO2] 3.23 E-4 0.75 [kg CO2] 1.09 E-4 

TOTAL GWP 2.2 [kg CO2] 3.2 E-4 0.75 [kg CO2] 1.1 E-4 

The wind speed was assumed to be the same in all parts of the process area which is a simplification 
of reality. Because of this, the presented figures can differ from reality. 

The difference in emissions seems to be dependent on the products and the raw material used. Shell 
refinery and Preemraff produce very similar products but have different impact on the environment. 
This seems to imply that each refinery is unique and needs to be evaluated separately. 

Substances with highest impacts 

By looking at the substances emitted from Preemraff Lysekil and Shell Gothenburg and using the 
CLM2001 database the substances with the highest impacts have been concluded in table 28, 29 and 
30. 

Table 28. Substances that have the highest impact on ozone formation 

OFP C2H4 equiv 

ethene 

1,2,3-TMB 

1,2,4-TMB 

c-2-butane 

c-2-pentane 

propene 

t-2-butene 

t-2-pentene 

m,o,p-xylene 

1 

1.3 

1.3 

1.2 

1.1 

1.1 

1.1 

1.1 

1.0 
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Table 29. Substances that have the highest impact on toxicity. 

Toxicity DCB equiv 

Benzene 

Butadiene 

1900 

2200 

Table 30. Substances that have the highest impact on global warming. 

GWP CO2 equiv 

Methane 25 

6.1.2 Environmental impact of technical solutions 

As seen from the Swedish case studies, chapter 5, activated carbon filters are quite frequently used 
in VOC control at refineries. A problem that occurs with these is that they do not capture C2 and 
shorter chains. That means that they are free to leak out into the atmosphere. Tanks containing 
lighter crude oils have a large fraction of methane in the gas phase. If applying carbon filters to treat 
VOC emissions here, close to half of the emission will go right through. In the rest of the process 
methane is not as big a problem and carbon filters could be appropriate there. 

For methane treatment combustion is a better alternative. But, combustion implies CO2 formation 
which in the methane case could be defendable due to the much higher GWP of methane. 

6.2 Largest emission areas 

When consulting figures 14 and 20 one can identify the largest VOC emission sources in the refineries 
producing mainly diesel and gasoline. The largest source of emissions is the tank parks, and especially 
during filling. Tank parks can be divided into different categories dependent on what they contain. 
Figure 15 shows that the tank park hosting crude oil has the highest emission of VOC at Preemraff 
Lysekil. The same goes for Shell refinery Gothenburg where the largest emissions are from the West 
Tank Park which stores crude oil and intermediate products, figure 21. In figure 15 the thick oil tank 
park follows the crude oil and then the gasoline components. 

The second largest emission source is the process area. Since the process area contains a large 
number of valves, pipes, flanges, pump etc. leakage is the main problem here. 

When comparing these graphs from the Swedish refineries to figure 27 regarding emissions at 
PetroChina Dagang they say the same thing. This implies that the tanks parks and the process area 
are where the main focus of minimization should be for refineries with these same kinds of products. 
Figure 28 shows that in the PetroChina Dagang case it is also the crude oil that is the largest emission 
source. These values can be questioned as they are taken from an EIA report and may not be 100 % 
accurate. 

As can be seen in figure 32 the tank parks and the process at Preemraff and Shell make up a similar 
fractional amount of the total emissions from each refinery. This supports the validity of the 
discussion above. The PetroChina Dagang numbers show that the crude oil tank park is a much larger 
emitter than the process. The origin of these numbers is questionable since EIA preformed in China 
for refineries often uses numbers from European refineries due to the lack of domestic information. 
But, if we take these values to be true the difference between crude oil emissions and process 
emissions is much grater in this case compared to the Swedish cases. 
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Figure 32. A comparison of the fractionally largest emission sources at Preemraff Lysekil and 
   Shell Refinery, Gothenburg. 

A shift in the consistency of primary emitting areas occurs when consulting figure 25. The production 
at Nynas Refinery requires different types of crude oil and the crude oil and other storage is no 
longer the number one emitter. Here the process is the largest emission source along with the 
emission treatment facilities. When looking at figure 26 it is clear that the bitumen storage used to 
be a great emission source before the implementation of the communicating vessels.  

6.3 Technical Evaluation 

When studying the largest identified emissions areas in the previous chapter Communicating tanks 
may also be an option to use on other product tanks and on crude oil tanks. It would most likely 
improve the emission situation a great deal. Another option it installing carbon filters on the tanks to 
capture VOC and at the same time reduce odors. 

As the process area and the tank parks consist of many potential leak sources the primary way to 
minimize VOC emissions is sealing and maintaining the plant. It may seem like a simple enough 
suggestion but is in reality a time consuming job. Implementing routines for this has proven to be 
effect full especially in the Shell refinery case. Another idea could be to include VOC emission 
monitoring in online product quality control systems that control the product flow through the 
system as mentioned in chapter 5.4. In that way one would have a built in VOC control system. This 
has not been done yet but the possibility is worth studying. 

6.3.1 VRU 

The Swedish refineries use adsorption technology based VRUs and the Chinese refineries use 
membrane technology based VRUs. Membrane technology is widely used in China as it is considered 
a cheap and easy method [34]. In Sweden membrane technology is seldom used in gas treatment 
[35]. A membrane VRU is not in itself sufficient. It can not reach as high separation on its own as an 
adsorption VRU. But, when a second step is added to the membrane VRU it can become just as 
efficient as an adsorption VRU. The second step can be for example adsorption, as seen in figure 31. 

The question than arises why the membrane step is needed when the adsorption VRU works just as 
well without a membrane. Why add the extra membrane step? No good reasons as to why this could 
not be done where found. But, since the VRU used at the studied Chinese refineries do not have after 
treatment they are most likely cheaper both in capital costs and operating costs. The drawback is 
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that the recycling of the VOC is not as high and thus a larger amount of product is lost to the 
atmosphere. The European commission states in the BAT (Best Available Technology) report 0203 
that the membrane technology is not suitable on its own for VOC recovery because of the poor yield. 
Taking all of this in consideration it seems that the adsorption alternative is the best. 

Table 31. Comparison of costs for Membrane based and GAC based VRU 

 Membrane VRU GAC VRU 

Capital Cost [per 1000 Nm3/h] EUR 300,000 EUR 240,000 

(including regeneration) 

Operating costs               labor 

                                           utilities 

EUR 1,500 

EUR 6,000/yr, 1,000Nm3/h 

 

Consumables  EUR 600 – 1,300/ ton GAC 

It is hard to find comparative figures for a VRU without any upstream or downstream recovery 
systems. The values in table 31 are therefore given for a membrane VRU with upstream and 
downstream treatment. 

Since the down stream treatment that is frequently used in VRU systems based on membrane 
technology is adsorption one could ask why not adsorption is used in the first place.  

 

Figure 33. VRU based on membrane technology with an adsorption after treatment step [31]. 
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PetroChina Dagang have implemented a VRU for loading to trucks but it is not in use. Since both of 
the refineries studied use pipelines as their main way of shipping products they saw little need for a 
VRU, however that product is probably shipped at some time in its life cycle. Therefore, it is 
interesting to see how large the benefit from a VRU could be. A quick calculation based on the 
recovered amount of gasoline and diesel vapors at Preemraff gives a saving of 0,9 – 1,3 million 
EURO/year. Table 32 shows that the pay back time of a VRU is around 2 years dependent on the 
amount of recovered vapor if the depletion is calculated on a 10 year basis with 5% interest rate. 

Table 32. Cost and benefits of a VRU [45]. 

Type Amount Unit 

Recovered vapor 720 – 980 [ton/year] 

Gasoline and Diesel mean price 0.12 [EURO/l] 

Mean Density 0.75 [kg/l] 

Income 1.15 – 1.57 [million EURO] 

Investment Cost 1.9 [million ERUO] 

Capital Cost 250,000 [EURO/year] 

Running Cost (electricity, spare 
parts, employees) 

54,000 – 57,000 [EURO/year] 

Total Cost 250,000 – 310,000 [EURO/year] 

Profit 900,000 – 1,300,000 [EURO/year] 

Pay back time 1.5 – 2.1 [years] 

6.3.2 Torch 

8,217 ton VOC is torched at Preemraff Lysekil. This is a quite large number. By using round figures a 
rough calculation of the energy value of the torched VOC can be calculated, table 33. Also the 
monetary value of the energy can be calculated. A large amount of the torched VOC is only 
appropriate to use as burn gas in the refinery. As stated in the chapter about Preemraff, the 
implementation of a compressor that enables the VOC containing gas that was to be torched to be 
used as a burn gas in the refinery. The great energy value of the torched gas makes it suitable for 
combustion. The monetary value of the energy that is combusted in the torch is large. Using this gas 
for something else would therefore be a good idea. Since both of the visited Chinese refineries stated 
the torch to be the main VOC treatment unit one can assume that quite large amounts of VOC are 
torched there. Installing a compressor and using the gas for energy in the plant could therefore be a 
good suggestion that would save money and energy. 

Table 33. Rough calculation of energy value of torched VOC. 

Type Amount Unit 

Torched 8,200 [ton] 

Energy value 75 [MJ/kg] 

Total Energy 620,000 [GJ] 

Effect 170 [GWh] 

Price 27 [öre/kWh] 

Total Price 46.2 [million SEK] 

Total Price 4.5 [million EURO] 
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6.3.3 Odor control technologies 

Odor control is the main focus concerning VOC in China today, chapter 5. In both depot case studies 
in Sweden this has been the main focus. The odor problem is not the only problem, as discussed in 
chapter 6.1, but there is a great amount of other VOC present as well. To remove odors activated 
carbon filters are effective. The filter do not, however, attend to the shorter carbon chained VOC like 
methane and ethane. To get to these, combustion is needed. This can be done either through 
catalytic or thermal combustion, chapter 4.2.1. The three step filter is very efficient in odor control 
and captures VOC of C3 and up. The amount of methane and ethane released at Bergs depot where 
this is installed is probably low as the treated air mainly comes from thick oil with quite heavy 
carbohydrate fractions. 

None of the odor control technologies presented in this report generate any profit to the plants. It is 
merely a cost. One could argue that it saves the plants from having to pay fines and gives them a 
positive image, but the odor control process itself does not generate a profit. Therefore the price of 
the control unit becomes even more interesting. In table 34 a rough cost estimate of thermal 
combustion, catalytic combustion and odor control through the three step filter, chapter 5.4, is 
presented. These technologies all tend to the total VOC problem and not only the odor side. The 
capital cost is calculated for linear deprecation over 10 years with an interest rate of 5%. The Three 
step filter has an additional cost for the carbon filters, if it is changed every three years the cost 
would be approximately 3,500 Euro/year. 

Table 34. Cost comparison between three odor control units that include VOC abatement 
   [65], [66], [53]. 

Type Catalytic 
combustion 

Regenerative 
combustion 

Three step filter  

Investment Cost 0.21 0.3 0.25 [million EURO] 

Capital Cost 27,000 39,000 32,000 [EURO/year] 

Running Cost 

(electricity) 

120 – 220 25 5,600 [kWh] 

Odor abatement 
efficiency 

90-95 99 97 [%] 

6.4 Measuring technology 

Fugitive emissions make up a large deal of the VOC emissions from oil refineries, chapter 3.2. As 
discussed in chapter 6.1 and 6.2 the largest emission areas depend on the type of crude used, the 
products produced and the process a great deal. Each refinery is unique and each refinery must 
therefore monitor their plant. 

Measuring becomes vital to the VOC control process. Since each plant differs, each plant must know 
what is emitted specifically there before measures are taken. When measuring the whole plant with 
SOF technology it gives a great overview of the total emission of VOC from the plant. By utilizing the 
composition of the plume that can be decided by canister testing etc. the total emissions of alkanes, 
alkenes and aromatics can be established. This is of great help when trying to identify the great 
problem areas and what to do to treat them. As discussed in chapter 6.3 different technical solutions 
are suitable for different emissions. So measuring is the first step to VOC control. 

Leaks throughout the plant are the greatest problem for VOC control. Leak searching then becomes 
important to identifying sources of emission. This can be done by TCT measuring or utilizing a 
GasFindIR camera or other portable leak searching instruments, chapter 4.3. 
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7 Conclusion 

The interest for VOC control at refineries in China is not very high yet, but the government is 
expected to pass regulations on it in the near future. 

Emissions from refineries differ dependent on the activity. The tank parks and process area seem to 
be the largest emitters for gasoline and diesel producing plants. From this same kind of activity 
alkanes make up the largest fraction of the emission.  

When starting the work with VOC control the following is recommended for all refineries. 

 Measuring of total plant VOC emission 

o Using on-line technology as SOF 

o Identifying the composition of the plume through canister test etc. 

 Leak searching / Maintenance 

If the following technical solutions or measures are applicable at the plant they are suggested to be 
prioritized. 

 Implementing a VRU 

 Energy reuse (reduced torching) 

 Implementing communicating tanks 

Below follows a proposition for further work. 

Find out if there is an interest and possibility to add an online VOC control system to online product 
quality control systems. Is it technically possible and economically defendable? 

Investigate how the torched gas could be used in a more energy efficient way. Is it technically 
possible and economically defendable? 
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9.1 Appendix 1: Composition of gas plumes 

Table 35. VOC specification for Shell refinery, Gothenburg. 

VOC specification at Shell refinery, Gothenburg 

Alkanes 88.7 % Alkenes 1.1% Aromatic 10.2% 

Ethane 

Propane 

Iso-Buthane 

n-Buthane 

iso-Penthane 

n-Penthane 

2-Methylpropane 

3-Methylpropane 

Hexane 

Cyclohexane 

Isooctane 

n-Hepthane 

n-Octane 

n-Nonane 

Ethene 

Propene 

t-2-Buthene 

1-Buthene 

c-2-Buthene 

1,3-Buthadiene 

t-2-Penthene 

1-penthene 

c-2-penthen 

Benzene 

Toluene 

Ethylbezene 

m+p-Xylene 

o-Xylene 

1,3,5-TMB 

1,2,4-TMB 

1,2,3-TMB 

Table 36. VOC specification for Preemraff Lysekil. 

VOC specification at Preemraff, Lysekil 

Alkanes 75.2% Alkenes 12% Aromatic 12.8% 

Ethane 

Propane 

Iso-Buthane 

n-Buthane 

iso-Penthane 

n-Penthane 

Propyne 

2-Methylpropane 

3-Methylpropane 

Hexane 

Cyclohexane 

Isooctane 

n-Hepthane 

n-Octane 

n-Nonane 

ethyne 

Ethene 

Propene 

t-2-Buthene 

1-Buthene 

c-2-Buthene 

1,3-Buthadiene 

t-2-Penthene 

1-penthene 

c-2-penthen 

Isoprene 

Benzene 

Toluene 

Ethylbezene 

m+p-Xylene 

o-Xylene 

1,3,5-TMB 

1,2,4-TMB 
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4 

Shell *μg/m3+ Fraction [mg/ton crude] CML2001 mg Etene equ. 
EDIP97 
High 

mg Etene 
equ. 

EDPI97 
Low 

mg Etene 
equ. Toxic 

mg DCB-
equ. 

GWP [CO2-
equ.] 

ethane 75,6 0,012 3,1 0,123 0,4 0,100 0,3 0,100 0,311       
porpane 580,1 0,089 23,9 0,176 4,2 0,400 9,6 0,500 11,940       
iso-butane 274,3 0,042 11,3 0,113 1,3 0,500 5,6 0,400 4,517       

n-butane 749,8 0,115 30,9 0,352 10,9 0,400 12,3 0,500 15,433       
iso-pentane 1092,4 0,168 45,0 0,113 5,1 0,405 18,2 0,405 18,213       
n-pentane 1185,9 0,182 48,8 0,395 19,3 0,400 19,5 0,300 14,646       
2-methylpentane 457 0,070 18,8 0,42 7,9 0,500 9,4 0,500 9,407       
3-methylpentane 253 0,039 10,4 0,113 1,2 0,400 4,2 0,400 4,166       
hexane 569,5 0,088 23,4 0,482 11,3 0,400 9,4 0,500 11,722       
cyclohexane 128,9 0,020 5,3 0,29 1,5 0,800 4,2 0,400 2,123       
isooctane 41 0,006 1,7 0,113 0,2 0,500 0,8 0,400 0,675       
n-heptane 198,8 0,031 8,2 0,494 4,0 0,500 4,1 0,500 4,092       
n-octane 65,2 0,010 2,7 0,453 1,2 0,500 1,3 0,500 1,342       
n-nonane 49,2 0,008 2,0 0,414 0,8 0,414 0,8 0,414 0,839       

          69,3   99,9   99,425       

ethene 3,9 0,001 0,2 1 0,2 1,000 0,2 1,000 0,161 6E-01 1,02E-01   
propene 17,7 0,003 0,7 1,123 0,8 1,000 0,7 0,600 0,437       
t-2-butene 4,3 0,001 0,2 1,132 0,2 1,132 0,2 1,132 0,200       
1-betene 6 0,001 0,2 0,113 0,0 0,500 0,1 0,400 0,099       
c-2-butene 4,5 0,001 0,2 1,146 0,2 1,146 0,2 1,146 0,212       
1,3-butadiene 4 0,001 0,2 0,851 0,1 0,500 0,1 0,400 0,066 2E+03 3,66E+02   
t-2-pentene 4,7 0,001 0,2 1,117 0,2 1,117 0,2 1,117 0,216       
1-pentene 18,7 0,003 0,8 0,977 0,8 1,100 0,8 0,400 0,308       
c-2-pentene 5,8 0,001 0,2 1,121 0,3 1,121 0,3 1,121 0,268       

          2,8   2,8   1,967   3,66E+02   

benzene 160,3 0,025 6,6 0,218 1,4 0,200 1,3 0,400 2,640 2E+03 1,25E+04   
toluene 315,1 0,048 13,0 0,637 8,3 0,600 7,8 0,500 6,486 3E-01 4,24E+00   
ethylbenzene 32,8 0,005 1,4 0,73 1,0 0,600 0,8 0,500 0,675       
m+p-xylene 77,6 0,012 3,2 1,059 3,4 0,950 3,0 0,500 1,597 4E-02 1,12E-01   
o-xylene 24,8 0,004 1,0 1,053 1,1 0,700 0,7 0,200 0,204 1E-01 1,27E-01   
1,3,5-TMB 5,6 0,001 0,2 0,113 0,0 0,500 0,1 0,400 0,092 

 
    

1,2,4-TMB 39,9 0,006 1,6 1,278 2,1 1,278 2,1 1,278 2,099       
1,2,3-TMB 2 0,000 0,1 1,267 0,1 1,267 0,1 1,267 0,104       
          17,4   16,0   13,898   1,25E+04   

Total/ton crude         89,5   118,7   115,289   1E+04 0,80325 
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Preemraff *μg/m3+ Fraction [mg/ton crude] CML2001 mg C2H4equ. EDIP97 H mg C2H4 equ. EDPI97 L mg C2H4 equ. Toxic mg DCB-equ. [CO2-equ.] 
ethane 58,1 0,040 13,6 0,123 1,7 0,100 1,4 0,10 1,4       
porpane 322,5 0,222 75,4 0,176 13,3 0,400 30,2 0,50 37,7       
iso-butane 149,8 0,103 35,0 0,113 4,0 0,500 17,5 0,40 14,0       
n-butane 227,9 0,157 53,3 0,352 18,7 0,400 21,3 0,50 26,6       
iso-pentane 92,2 0,063 21,5 0,113 2,4 0,405 8,7 0,41 8,7       
n-pentane 57,3 0,039 13,4 0,395 5,3 0,400 5,4 0,30 4,0       
propyne 8,3 0,006 1,9 0,113 0,2 0,500 1,0 0,40 0,8       
2-methylpentane 29,8 0,020 7,0 0,42 2,9 0,500 3,5 0,50 3,5       
3-methylpentane 26,4 0,018 6,2 0,113 0,7 0,400 2,5 0,40 2,5       
hexane 31,7 0,022 7,4 0,482 3,6 0,400 3,0 0,50 3,7       
cyclohexane 14,1 0,010 3,3 0,29 1,0 0,800 2,6 0,40 1,3       
isooctane 38,6 0,027 9,0 0,113 1,0 0,500 4,5 0,40 3,6       
n-heptane 15,9 0,011 3,7 0,494 1,8 0,500 1,9 0,50 1,9       
n-octane 11,5 0,008 2,7 0,453 1,2 0,500 1,3 0,50 1,3       
n-nonane 9,3 0,006 2,2 0,414 0,9 0,414 0,9 0,41 0,9       
          58,7   105,5   111,9       

ethene 59,6 0,041 13,9 1 13,9 1,000 13,9 1,00 13,9 6E-01 8,9E+00   
propene 51,1 0,035 11,9 1,123 13,4 1,000 11,9 0,60 7,2       
t-2-butene 7,5 0,005 1,8 1,132 2,0 1,132 2,0 1,13 2,0       
1-betene 7,5 0,005 1,8 0,113 0,2 0,500 0,9 0,40 0,7       
c-2-butene 5,4 0,004 1,3 1,146 1,4 1,146 1,4 1,15 1,4       
1,3-butadiene 3,5 0,002 0,8 0,851 0,7 0,500 0,4 0,40 0,3 2E+03 1,8E+03   
t-2-pentene 7,5 0,005 1,8 1,117 2,0 1,117 2,0 1,12 2,0       
1-pentene 1,7 0,001 0,4 0,977 0,4 1,100 0,4 0,40 0,2       
c-2-pentene 18,5 0,013 4,3 1,121 4,8 1,121 4,8 1,12 4,8       
isoprene 12,6 0,009 2,9 0,113 0,3 0,500 1,5 0,40 1,2       
          39,2   39,3   33,7   1,8E+03   

benzene 5,3 0,004 1,2 0,218 0,3 0,200 0,2 0,40 0,5 2E+03 2,4E+03   
toluene 32,7 0,022 7,6 0,637 4,9 0,600 4,6 0,50 3,8 3E-01 2,5E+00   
ethylbenzene 52,6 0,036 12,3 0,73 9,0 0,600 7,4 0,50 6,1       
m+p-xylene 33,3 0,023 7,8 1,059 8,2 0,950 7,4 0,50 3,9 4E-02 2,7E-01   
o-xylene 22,5 0,015 5,3 1,053 5,5 0,700 3,7 0,20 1,1 1E-01 6,6E-01   
1,3,5-TMB 21,4 0,015 5,0 0,113 0,6 0,500 2,5 0,40 2,0 

 
    

1,2,4-TMB 18,6 0,013 4,3 1,278 5,6 1,278 5,6 1,28 5,6       
1,2,3-TMB   0,000 0,0 1,267 0,0 1,267 0,0 1,27 0,0       

          34,0   31,3   23,0   2,4E+03   

Total/ton crude         132,0   176,2   168,6   4,2E+03 1,02 
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