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Summary 
 
Integrated steel mills generate energy-rich by-products in form of off-gases, i.e. Coke Oven Gas 
(COG), Basic Oxygen Furnace Gas (BOFG) and Blast Furnace Gas (BFG). These are mainly 
used for internal energy supply, but partly also for heat and power production. This is a good 
process integration example where energy by-products are utilized saving energy in other society 
sectors. The COG has a high heating value (typical lower heating value (LHV) 17-18 MJ/Nm3) 
and is also rich in hydrogen (~60 vol%). Therefore, it is of interest to find new innovative ways 
to use the low value gas to produce higher value products, e.g. automotive fuels and/or chemi-
cals. There are also possibilities to introduce biomass via gasification to increase the production 
and to reduce the specific CO2 emissions of the product.  
 
The main aim of this project has been to study and evaluate the production of methanol from 
steel work off-gases, with and without the involvement of synthesis gas from biomass gasifica-
tion. The SSAB steel mill in the town of Luleå in Sweden has been used to analyze four different 
methanol production alternatives with the following feedstocks: 
 

 The excess COG and 40% of the available BOFG (Case A) 
 The excess COG mixed with biomass synthesis gas (Case B) 
 The excess COG, BOFG and biomass synthesis gas (Case C) 
 Hydrogen (extracted from the COG via Pressure Swing Absorption) mixed with biomass 

based synthesis gas (Case D) 
 
For each of the cases, the annual production volumes, production costs, methanol, gas utilization 
and plant efficiencies have been calculated. The efficiency and economy of methanol production 
from steelwork off-gases are influenced not only by the mean values of the gas availability, but 
also of long and short period fluctuations in the gas supply. Therefore, Wavelet-analysis has been 
used to study the dynamic variations of the steel work off-gases. 
 
Depending on case, in the range of 98 000-282 000 tons of methanol can be produced per year 
to costs in the range of 4 450-5 870 SEK per ton under the assumed conditions. Translated to 
petrol equivalents, the range is in between 7.2-9.5 SEK per liter. The lowest production cost is 
found in Case C, while the hydrogen separation case (Case D) results in the highest production 
cost. The table below summarizes benefits and drawbacks for each of the cases. 
 
Case Advantages Disadvantages 
Case A High methanol production efficiency (70%) 

Efficient gas utilization leading to lower gas flaring 
Lowest total investment cost  
Commercially available technology 

Lowest production capacity 
Non-profitable without tax exceptions or 
subsidies 

Case B Relatively high methanol production efficiency (56%) 
High production capacity 
Positive cash flow 

Increased gas flaring 
Large biomass volumes required 

Case C Relatively high methanol production efficiency (57%) 
High production capacity 
Increased gas utilization efficiency 
Positive cash flow  

Increased gas flaring 
Large biomass volumes required 

Case D Relatively high production capacity 
 

Highest production cost 
Lowest gas utilization efficiency 
Increased gas flaring 
Large biomass volumes required 
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For various reasons, the most interesting cases are Case A and Case C. From an energy perspec-
tive, Case A is standing out with high methanol production efficiency and an improved overall 
gas utilization and increased power plant efficiency due to significantly lower gas flaring. The 
technology is also available on the market making it realizable already today. The economic result 
is however negative if the feedstock is considered as 100% fossil and therefore not exempted 
from tax or obliged to other types of subsidies. The environmental analysis however show that 
the net emissions of CO2 from the steelwork system decrease slightly when methanol production 
is integrated, while the same amounts of steel, heat and power is produced. Therefore, the 
methanol product should be considered as carbon neutral. If so, the methanol product can be 
sold as gasoline replacement excluded from tax, the Case A becomes also economically interest-
ing. 
 
Case C is the most promising case that involves biomass based syngas. Significantly larger vol-
umes of methanol can be produced compared to Case A at a favourable production cost. The 
produced methanol may also be exempt from tax as it can be considered as a renewable product. 
The main drawback is that the flaring of steel work off-gases increases as considerable amounts 
of surplus energy is recovered from the methanol synthesis. The high amount of district heat 
produced results in that the power plant cycle is operated to a large extent as a condensing power 
plant, reducing the efficiency significantly. This is however counter-balanced by the high gas 
utilization in the methanol synthesis resulting in the highest total gas utilization efficiency, 13-
percentagepoints higher that the reference case. It should also be noted that no efforts were put 
on optimizing the cases in this project. Case C should therefore be further studied in an attempt 
to find system energy optimums. This could potentially reduce the gas flaring as well as the pro-
duction cost. 
 
The main conclusion is therefore that integrating methanol production in steel mills can be made 
economically feasible and may result in energy efficiency improvements as well as CO2 emission 
reductions. Cases A (no biomass) and Case C (including biomass) are the most interesting pro-
duction cases and deserve further investigations. 
 



Sammanfattning 
 
I integrerade stålverk erhålls energirika biprodukter i form av avgaser, som koksgas (COG), LD-
gas (BOFG) och masugnsgas (BFG). Gaserna används i huvudsak för energitillförsel inom pro-
cessen men delvis även för värme och elproduktion. Detta är ett bra exempel där biprodukter 
energimässigt utnyttjas för att spara energi i andra samhällssektorer. Koksgasen har ett högt vär-
mevärde (typiskt lägre värmevärde (LHV) 17-18 MJ/Nm3) och innehåller höga koncentraioner av 
väte (~ 60 vol%). Därför är det av intresse att hitta sätt att använda gaserna ännu mer effektivt 
och tillverka produkter med högre värde, t.ex. drivmedel och/eller kemikalier. Det finns också 
möjligheter att blanda stålverksgaserna med syntesgas från biobränsleförgasning för att öka pro-
duktionen och minska specifika CO2-utsläppen. 
 
Huvudsyftet med detta projekt har varit att studera och utvärdera produktion av metanol från 
stålverksgaser, med och utan inblandning av syntesgas från biobränsleförgasning. SSAB EMEA i 
Luleå har använts som fallstude för att undersöka fyra olika metanolproduktions fall: 
 

 Överskottet av COG och 40% av den tillgängliga BOFG (Fall A) 
 Överskottet av COG blandas med biobränslebaserad syntesgas (Fall B) 
 Överskottet av COG, BOFG och biobränslebaserad syntesgas (Fall C) 
 Väte separerat från COG (via Pressure Swing Absorption) blandat med biobränsle-

baserad syntesgas (Fall D) 
 
För varje fall har årliga produktionsvolymer, produktionskostnader samt gas och energiutbyten 
beräknats. Transienter i gasflödet är ett problem då tillgången av gas varierar på grund av fluktua-
tioner i produktion och interna högprioriterade behov. Detta är en viktig faktor för anläggnings-
planeringen. I detta projekt har Wavelet-analys använts för att studera dessa variationer. 
 
Mellan 98 000-282 000 ton metanol kan produceras per år till produktionskostnader mellan 
4 450-5 870 kronor per ton under antagna förutsättningar. Omräknat till bensinekvivalenter, blir 
kostnaderna mellan 7.2-9.5 kronor per liter. Den lägsta produktionskostnaden nås i fall C, medan 
fall D resulterar i den högsta. I tabellen nedan sammanfattas fördelar och nackdelar för respekti-
ve fall. 
 
Fall   Fördelar Nackdelar
Fall A Högt methanolutbyte (70%) 

Effektivt gasutnyttjande som leder till minskad fackling 
Lägsta anläggningsinvesteringen 
Kommersiellt tillgänglig teknik 

Låg produktionsvolym 
Ej lönsamt utan skattelättnader eller subven-
tioner 

Fall B Relativt högt methanolutbyte (56%) 
Hög produktionsvolym 
Positivt kassaflöde 

Ökad gasfackling 
Stora volymer biobränsle erfordras 

Fall C Relativt högt methanolutbyte (56%) 
Hög produktionsvolym 
Effektivare gasutnyttjande  
Positivt kassaflöde 

Ökad gasfackling 
Stora volymer biobränsle erfordras 

Fall D Relativt hög produktionsvolym 
 

Högsta produktionskostnaden 
Lägst gasutnyttjandegrad 
Ökad gasfackling 
Stora volymer biobränsle erfordras 
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De mest intressanta fallen är i Fall A och Fall C. Utifrån ett energiperspektiv så är Fall A mycket 
intressant med högt metanolutbyte och en effektivare gasanvändning jämfört med idag. Syste-
mets totala verkningsgrad ökar på grund av betydligt lägre gasfackling. En annan fördel är att 
produktionstekniken redan är tillgänglig på marknaden, vilket gör fallet realiserbart redan idag. 
Däremot är det ekonomiska utfallet negativt om råvaran räknas som 100% fossil och därför inte 
kan undantas från skatt eller erhlla någon annan typ av subvention. Miljöanalysen visar dock att 
stålverkets utsläpp av CO2 minskar något i samtliga fall trots bibehållen produktion av både stål, 
el och värme, vilket gör att metanolen borde kunna anses som helt koldioxidneutral. Detta skulle 
då innebära att även Fall A blir ekonomiskt försvarbart om metanolen kan säljas som skattefri 
bensinersättning. 
 
Fall C är det fall som ser mest lovande där en biobränsleförgasare integreras. Betydligt större 
produktionsvolymer erhålls i jämförelse med Fall A och dessutom nås en något lägre produk-
tionskostnad. En nackdel är dock att gasfacklingen ökar markant jämfört med idag när avsevärda 
mängder överskottsånga återvinns från metanolsyntesen. Den stora mängden återvunnen lågvär-
dig värme resulterar i att ångturbinen i det närmaste måste köras i kondensdrift vilket minskar 
effektiviteten avsevärt. Detta balanseras dock av det höga gasutnyttjandet i metanolsyntesen och 
sammantaget resulterar fallet i ett högt gasutnyttjande, 13%-enheter högre än i referensfallet. Det 
bör också noteras att inga insatser har gjorts att optimera fallen i detta projekt. Fall C bör därför 
studeras vidare för att finna en optimal systemlösning som dels kan minska gasfacklingen och 
dels metanolproduktionskostnaden. 
 
Huvudslutastsen är därför att integrera metanolproduktion i ett stålverk kan göras såväl ekono-
miskt som energieffektivt samtidigt som utsläppen av CO2 minskar något. Fall A och Fall C för-
tjänar vidare och mer detaljerade studier. 



Nomenclature List 
 
COG  Coke Oven Gas 
BOFG  Basic Oxygen Furnace gas 
BFG  Blast Furnace gas  
LHV  Lower Heating Value 
MeOH  Methanol 
EAF  Electric Arc Furnace 
JCR  Jumbo Coke Reactor 
CHP  Combined Heat and Power 
PI  Process Integration 
CASOB Composition Adjustment by Sealed argon bubbling – Oxygen Blow-

ing 
RH   Vacuum circulation plant (Ruhrstahl-Heraeus) 
CDQ  Coke Dry Quenching 
ESP  Electrostatic Precipitator 
DH  District Heating 
BP  Back Pressure 
HP  High Pressure 
LP  Low Pressure 
PCI   Pulverized coal injection 
FFV  Fuel-flexible Vehicles 
LBG  Liquid Biogas 
ULCOS  Ultra Low Carbon dioxide Steelmaking 
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1. Introduction 
 
Two thirds of the global steel production is based on virgin raw materials via an integrated steel-
making route. An integrated steel plant often includes a coking plant (CP), a blast furnace (BF), a 
basic oxygen furnace (BOF), secondary metallurgy, continuous casting, and a rolling mill. Most 
plants also have auxiliary units on site, for instance, a lime kiln, an oxygen plant and a sinter 
plant. Process gases are generated in the CP, BF and BOF units, i.e. coke-oven gas (COG), blast 
furnace gas (BFG) and basic oxygen furnace gas (BOFG). These gases are usually used as fuels 
internally in different process units within the plant. It is also common to supply the gases to a 
power plant or a combined heat and power plant near the steel mill to produce power, process 
steam and/or heat, for internal as well as external use (i.e. district heating). Thus, the energy sys-
tem of an integrated steel plant is large and complicated.  
 
The process gases generated within the site has different availability and energy density. The 
COG has a high heating value (typical LHV 17-18 MJ/Nm3) and is also rich on hydrogen (~60 
vol%). The BOFG has a heating value in the range of 6-8 MJ/Nm3 and is rich in carbon monox-
ide (~60 vol%). It is of great interest to find ways to utilize the excess gases for the production of 
higher value products, i.e. automotive fuels and/or chemicals instead of production of heat and 
power. 
 
Commercial technology to produce methanol from COG already exists and is in particular pro-
gress in China. The first COG to methanol plant in China was taken into operation already in 
2004, in Qujing in the Yunnan province. The plant was design by China Second Design Institute 
of Chemical Industry, see Figure 1. 
 

 
Figure 1. Photo of first COG to methanol plant (SEDI, 2008). 
 
Until now, at least five and possibly 23 COG to methanol plants have been built in the country. 
In 2010, China had a production capacity of approximately 38 million tons of methanol per year 
and by the end of 2010, its total production share of COG based methanol production reached 
7 million tones (Methanol Institute, 2012). Existing plants, locations and their capacities are 
shown in Table 1. 
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Table 1. Existing COG to methanol plants, start of operation, locations and production capacities (China 
Coal Chem (2010) and Up Energy Dev Group Ltd (2012). 
Operation start Company Location Annual capacity Investment 
Dec. 2004 Yunnan Yunwei Group Co. Ltd. Yunnan Qujing 80 000 tonnes  
Sept. 2005 Hebei Jiantao Coking Co., Ltd. Xingtai of 

Hebei province 
120 000 tonnes  

Sept. 2006 Shandong Tengzhou Shenglong 
Coal Coking Co. 

Zaozhuang of 
Shandong 
province 

100 000 tonnes  

Aug. 2008 Shanxi Coke Jiexiu of Shanxi 
province 

300 000 tonnes  CNY 570 mn 

April 2011 Shaanxi Tar Chemical Engineer-
ing Co., Ltd. 

 200 000 tonnes  

Under construction Xinwen Mining Group Ordos, Inner 
Mongolia 

200 000 tonnes  

Under construction Shaanxi Longmen Coal Chemical 
Corporation 

Hancheng, 
Shaanxi 

600 000 tonnes CNY 4.27 bn 

Under construction  Shaanxi Coal Chemical Group, 
Huangling Mining Group 

Yanan, Shaanxi 100 000 tonnes CNY 1 bn 

Under construction  Shaanxi Tar Chemical Engineer-
ing, SCCIG 

Fuping County, 
Weinan, 
Shaanxi 

200 000 tonnes  

Under construction  Yida Chemical, a company of 
Shanxi Coking Group 

Jiexiu, Shanxi 300 000 tonnes CNY 570 mn 

Under construction Jinye Group Gujiao, Shanxi 300 000 tonnes CNY 900 mn 
Under construction  China National Coal Group Corp. Lingshi 

County, Shanxi 
300 000 tonnes CNY 920 mn 

Under construction  Yinyi Hongfeng Crop. Lingshi 
County, Shanxi 

100 000 tonnes CNY 380 mn 

Under construction  Tian'an Chemical Corp. Xuzhou, Ji-
angsu 

150 000 tonnes CNY 990 mn 

Under construction Qitaihe Longyang Coke And 
Electricily Co.ltd 

Qitaihe, 
Heilongjiang 

200 000 tonnes  

Under construction Hongshengyi Coal & Coking Co., 
Ltd 

Qinglong 
County, 
Guizhou Prov-
ince 

120 000 tonnes CNY 1.6bn 

Under construction Xinjiang Guotou Baodi Energy 
Dev. 

Nileke County, 
Yili,  Xinjiang 

100 000 tonnes  

Under construction Heilongjiang LongMay Mining 
Group 

Jixi, Heilongji-
ang 

100 000 tonnes CNY 1.2 bn 

Under construction  Kaiboda Coal Chemical Corpora-
tion 

Qitaihe, 
Heilongjiang 

100 000 tonnes CNY 1.3 bn 

Under construction  East China Coal Chemical Corp Fukang Xinji-
ang   

100 000 tonnes CNY 540 mn 

Under construction Shenhua Energy Wuhai Haibowan 
District, Wuhai 
City, Inner 
Mongolia 

300 000 tonnes  

Under construction Hezong Chemical Corporation Wangcang 
County, Si-
chuan 

200 000 tonnes CNY 400 mn 

Under construction Dazhou Iron&Steel Group Dazhou, Si-
chuan 

300 kt methanol, 
200 kt DME 

CNY 1.1 bn 

Under construction Qingdao Iron and Steel Group 
Co., Ltd 

Yanzhou, 
Shandong 

100 000 tonnes CNY 300 mn 

Under construction Kailuan Refined Coal Corp. Kailuan, Hebei 200 000 tonnes CNY 640 mn 
Under construction Shenhua Bayannaore Energy 

Company 
 240 000 tonnes  

Under construction Hebei Changheng Energy Tech-
nology Dev. Co. 

 200 000 tonnes  
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Under construction Shanxi Linfen Town Star Coal 
Chemical Group 

 400 000 tonnes  

Planned Sichuan Coal Industry Group / 
Yunnan Mingjie Holding 

Lijiang, Yun-
nan 

100 000 tonnes  

Planned China National Salt Industry 
Corporation 

Chemical Base, 
Ningxia 

200 000 tonnes CNY 1.8 bn 

Planned Shanxi Coking Group/XinAo 
Group 

Jiexiu, Shanxi 300 kt MeOH 
200 kt DME 

CNY 997 mn 

Planned Guizhou Shoujin Resourse De-
velopment Corp. 

Liupanshui, 
Guizhou 

200 000 tonnes CNY 3.17 bn 

Planned Qinghai Xingqing Industry & 
Trading Group 

Qinghai 300 000 tonnes  

Planned Cangzhou Zhongtie Equipment 
Material Co. 

Cangzhou, 
Hebei 

200 000 tonnes CNY 483 mn 

Planned Western Coal Chemical Co. Wuhai, Inner 
Mongolia 

200 000 tonnes CNY 434 mn 

Planned Shanxi Yufeng Energy Invest-
ment Company 

 200 000 tonnes  

Planned Shanxi Taixing Group  300 000 tonnes  
Planned Shanxi Yida Chemical Company  300 000 tonnes  
Planned Shanxi Sunlight Coking Group  300 000 tonnes  
Planned Hebei Tangshan Kailuan Clean 

Coal Company 
 300 000 tonnes  

 
There are also possibilities to introduce biomass via gasification to increase the production and to 
reduce the specific CO2 emissions of the methanol product. This is of particular interest in Scan-
dinavia, which has several steel industries and abundant resources of biomass. Preliminary and 
more general investigations regarding involvement of biomass in COG based methanol produc-
tion has previously been published by the authors of this report (Lundgren et al., 2008). 
 

1.1 Project Objectives 
 
The main aim of this project has been to study and analyze the production of methanol from 
steelwork off-gases, with and without the contribution of synthesis gas from biomass gasifica-
tion. The SSAB EMEA steel plant in the town of Luleå, Sweden has been used as case basis. The 
main objectives have been to:  
 

 Investigate the current state-of-the-art technology for synthesizing COG to methanol 
 Calculate the yield and overall plant efficiency when suitable and available steelwork off-

gases at SSAB in Luleå are synthesized into methanol. 
 Calculate the yield and overall plant efficiency when suitable and available steelwork off-

gases and biomass-based syngas are synthesized into methanol.  
 Calculate the cost of production and specific CO2 emissions of the produced methanol 

 
The efficiency and economy of methanol production from steel work off-gases are influenced 
not only by the mean values of the gas availability, but also of long and short period fluctuations 
in the gas supply. Therefore, an additional objective has been to use Wavelet-analysis in order to 
study the dynamic variations of the steel work off-gases.  
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2 Background 
 
In the following sections, background information and theory related to the project content is 
presented. 

2.1 Swedish Steel AB (SSAB) 
 
SSAB’s vision is “a stronger, lighter and more 
sustainable world.” The vision is based on the 
strategy of being the leader within high 
strength steels. High strength steels make it 
possible to produce products with lower 
weight and more durability than products 
made of ordinary steel. SSAB has the strategy 
to be one of the best companies in the steel 
industry on environmental issues (SSAB, 
2011). Despite high emissions of carbon diox-
ide (CO2), SSAB is among the leading com-
panies in the world when it comes to restrict-
ing emissions from the production process. 
SSAB already possesses a well-developed 
process for minimizing CO2 emissions. In the 
short-term, SSAB is executing new initiatives 
to increase the efficiency in the production 
processes so that, under normal conditions, 
the CO2 emissions per ton-of-steel produced 
at the blast furnace-based plants will decline 
by another 2% in 2012 compared to the year 
2008. For SSAB, a reduction of 2% per tonne 
of produced steel corresponds to an annual   

reduction of 130 000 tons in CO2 emissions. In the long-term, SSAB is active in creating condi-
tions for new technologies with significant reduction in CO2. Together with the rest of the global 
steel industries, SSAB is engaged in long-term development work to produce new, feasible break-
through technology for the production of steel. This through participation in joint research pro-
grams e.g. in the European research project ULCOS (Ultra Low Carbon dioxide Steelmaking). 
The goal is to develop new steel-production technology with at least 50% lower CO2 emissions. 
Commercial application of the new steel-production technology can begin after 2020 at the earli-
est. In addition, SSAB is supporting a corresponding program in the US, the “CO2 breakthrough 
program” under the auspices of the AISI (American Iron and Steel Institute). SSAB is also play-
ing an active role in the development of CCS (Carbon capture and storage) technology in Swe-
den, conducting studies into the infrastructure of transportation of carbon dioxide, and exploring 
storage possibilities.  
 

2.2 Description of the Steel mill SSAB EMEA in Luleå 
 
The SSAB EMEA steel plant in the town of Luleå, Sweden has, as mentioned been used as base-
line for the cases. The steel plant is based on the BF/BOF route. The blast furnace (BF) is oper-
ated with 100% pellets, and is equipped with pulverized coal injection (PCI), normally 149 kg/t 
HM (ton hot metal). The coke plant (CP) produces the majority of the coke used in the BF. 
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There are two basic oxygen furnaces (BOF converters) in the system, operated with hot metal 
from the BF and a small amount of scrap. The crude steel is further treated in the alloying proc-
esses, CASOB and the RH-vacuum oven. The steelmaking is followed by two continuous casters. 
The slabs are transported 800 km by train to the rolling mill located in Borlänge. The steel work 
gases are used internally as primary fuel; the CP is under-fired with pure COG, and the hot 
stoves for the BF are fired with a mixture of BFG and COG. The COG is also used as fuel in 
various burners at the steel plant as well as for primary fuel in a steam boiler and in a lime fur-
nace. Since the rolling mill is located at another geographical location, a surplus of process gases 
arises. The surplus is therefore used as primary fuel in a combined heat and power plant (CHP), 
producing steam, heat and electricity. The produced power is used within the steel plant system 
and the produced heat satisfies the main part of the annual heat demand of the community. Dry-
ing gas from the power plant is also delivered to a nearby wood-pellet plant. 
 
In Figure 2, the ore harbor of Luleå is showed. Furthest out on the peninsula is the ore port of 
LKAB with storages. Adjacent is the coke-oven plant of SSAB which transports the COG to 
Luleå Kraft for power and heat production. Shown in the picture is a schematic of potential sites 
for a biorefinery marked as green parallelograms with an estimated footprint of about 6 ha, in-
cluding biomass storage and methanol cisterns. Three sites have been identified without detailed 
investigation. In two there is direct water access with a possible dedicated biomass port reception 
(although the left is at shallow waters) and in two direct access to the gas pipeline.  
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Figure 2. Aerial photo of the Luleå industrial harbor with LKAB iron ore port and storage, with SSAB’s 
steel mill as heart in the industry complex and Lulekraft as power and heat producer for the town (Cour-
tesy of SSAB). 

5 
 



There are very good logistics possibilities with road, railway and sea transport. There could also 
be potentially shared biomass storage with the CHP plant Lulekraft. Moreover, there are several 
sites with plenty available industrial areas to explore and easy access to heat, power and gas net-
works for distribution to and from the biorefinery. In summary, there is very high potential for 
locating a large biorefinery at the Luleå harbor when exploring the initial data, meeting all criteria.  
 

2.3 Coke Production 
 
Coke is an agglomeration product of coking coals. Coke is required for the blast furnace process 
to provide both fuel and a stable solid bed to allow for proper gas flow in the shaft and liquid 
flow in the hearth. Figure 3 shows a schematic of the coke ovens. Coke is produced by heating of 
coal in a batch-process to temperatures of between 1000 °C and 1250 °C in an oxygen deficient 
atmosphere which drives off volatile organic compounds and agglomerates the coal particles. 
 

 
Figure 3. Schematic diagram of coke ovens to the left (EU, 2001a) and a photograph of the emptying of a 
coke-oven battery. (Courtesy of SSAB). 
 
Coke is generally made from carbonization of good quality coking coals. Coking coals are de-
fined as coals that on carbonization pass through softening, swelling, and agglomeration to coke. 
One important consideration in selecting a coal blend is that it should not exert a high coke oven 
wall pressure and should contract sufficiently to allow the coke to be pushed from the oven. 
Other properties are regarding the coal quality and battery operating variables such as rank of 
coal, petrographic, chemical and rheological characteristics of coal, particle size, moisture con-
tent, bulk density, weathering of coal etc. Coke producers use widely differing coals and employ 
many procedures to enhance the quality of the coke and to enhance the coke oven productivity 
and battery life. Coal is charged by gravity into the oven and then sealed to avoid oxidation. Cok-
ing takes place in coke ovens which are high, narrow and long chambers sandwiched between 
narrow firing chambers where fuel gases are burned to provide the thermal energy for coking. 
Fuel gases typically used at European integrated sites are a mixture of BFG and COG, although 
exclusively COG can be used. Heat is transferred from the heated brick walls into the coal charge 
by which the coal-to-coke transformation takes place: 
 

1. at 375°C to 475°C, the coal decomposes to form plastic layers near each wall. 
2. at 475°C to 600°C, there is a marked evolution of tar, and aromatic hydrocarbon com-

pounds, followed by re-solidification of the plastic mass into semi-coke.  
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3. at 600°C to 1100°C, the coke stabilization phase begins. This is characterized by contrac-
tion of coke mass, structural development of coke and final hydrogen evolution. 

During the plastic stage, the plastic layers move from each wall towards the center of the oven 
trapping the liberated gas and creating gas pressure build up which is transferred to the heating 
wall. Once, the plastic layers have met at the center of the oven, the entire mass has been carbon-
ized, typically taking 14 to 24 hours, the coking chamber is opened from one side and the hot 
coke is pushed into a container.  
 
Quenching is done either by water (wet quenching) or in a shaft using re-circulating nitrogen 
(coke dry quenching, CDQ) that also recovers the sensible energy from hot coke to produce 
steam. The cooled coke is screened into fractions with the finer fraction called coke breeze being 
used in the sintering process, often after further grinding. About 90% of coke produced is 
charged to the blast furnace in lumps 8-60 mm in diameter divided into fractions, typically large 
coke at +30 mm, and small coke at 8-30 mm. 
 
The raw gas generated during coking is a mixture of hydrocarbons and hydrogen. It is treated to 
remove ammonia, sulphur compounds (primarily H2S), tar (mostly naphthalene) and benzene, 
toluene and xylene (BTX). Figure 4 shows a general schematic of the coking and gas cleaning 
system.  
 
Figure 5 shows further detail of the H2S and ammonia removal circuit. The sulphur or sulphuric 
acid, BTX and tar are sold as by-products. In some cases ammonia is recovered as a product or 
as ammonium sulphate using different methods. The cleaned COG is high in hydrogen and 
methane making it a very attractive fuel for heating the coke ovens as well as other heating re-
quirements in the steel plant. It is beyond the scope of this report to review the details of all 
COG processing processes. Descriptions of approved methods are described in other literature 
such as the IPPC BAT BREFs (EU, 2001a; EU, 2009a). 
 

 
 
Figure 4. Schematic diagram of raw COG cooling and tar separation. Adapted from (Wright, 2001) 
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Figure 5. H2S and ammonia scrubbing with sulphur production (EU, 2001a) 
 
The energy requirement for heating the coke ovens is depending on several factors regarding coal 
type, moisture content and coke plant design. The specific energy requirement is in the range of 
3.2 to 3.8 GJ per ton coke. The configuration described is for “recovery coking”, referring to 
recovery of by-products from the raw gas. All European coking plants use recovery coking. An 
alternate process called non-recovery coking whereby the raw gas from the coal is partly com-
busted directly in the coking chamber followed by complete oxidation in the heating flue. Hot 
gas from the flue is sent to waste heat boilers. No by-products are produced in non-recovery 
coking. 

2.3.1 Potential for Energy Efficiency Improvement and Recovery 

 
The major loss of energy in coking comes from quenching the hot coke with water. CDQ is an 
alternate technology which quenches the coke in a shaft using nitrogen in a closed circuit with a 
steam boiler. CDQ commonly used in Asia and the CIS (Commonwealth of Independent States, 
mainly countries that belonged in Former Soviet Union), but less commonly in Europe. Coke dry 
quenching can recover 800 – 1 200 MJ per ton coke as steam (SOACT, 2010) which can be used 
for electricity generation or other purposes. The investment cost for coke dry quenching is high, 
making it attractive economically only where energy prices are high (EU, 2009a). 
 
A second large energy loss is from quenching of raw COG from about 800 °C to about 80 °C. 
This gas contains tar and sulphur compounds which would foul and corrode heat exchangers 
rapidly. A system recovering heat at lower temperature from coke ovens firing off-gas and from 
hot raw COG using an indirect organic fluid heat exchanger to recover heat to be used for coal 
drying, thereby lowering the energy demand for drying in the coke oven and improving produc-
tivity with a heat recovery to drying of about 306 MJ per ton coke (IISI, 1998). Alternately, coal 
drying may be performed using an external fuel or from CDQ, however this primarily improves 
productivity and does not necessarily save energy (IISI, 1998). Coal-moisture reduction is not 
included in the current European IPPC BAT BREF (EU, 2001a) as an energy-saving technology. 
The Jumbo coke reactor (JCR) or Single Chamber System (SCS) has been under development in 
Europe. Instead of narrow chambers, the JCR uses very wide individually controlled chambers 
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able to withstand higher coking pressures, to allow the use of lower quality coals and to reduce 
the number of ovens required. However it has not been fully developed to commercial scale ap-
parently due to very high investment costs (AISI, 2001). 
 
The SCOPE21 coke production method which involves drying, briquetting and preheating coal 
prior to coking has been developed in Japan with reported energy efficiency improvement of 
21% (SOACT, 2010). 

2.3.2 Specifications for Coke Production 

 
The block diagram of the coke plant at SSAB EMEA Luleå mill is shown in Figure 6. The coke 
oven plant is designed to produce 800 kton per year ramp coke (coke pushed from the oven 
prior to quenching and screening). The production covers the major demand for blast furnace 
coke requirements. Typically, there is an imbalance which is met by import or export of coke or 
coke breeze. 

Water Sulphur

Claus 
Biological 

plant, 
water 

ammonia 
treatment

 
Figure 6. Block diagram of coke making and gas cleaning system (SSAB) 
 
The incoming coal is a mixture of coals e.g. North American and Australian coking coals. For 
energy balances, the LHV of the coal depends on the coal mixture and can be assumed to be 
31.5 GJ per ton (dry basis). A range of coal analysis is given in Table 2, but this is only indicative 
and is not used in the overall mass balancing. A typical coking plant may use a blend of a dozen 
or more coals of varying qualities at one time. 
 
Table 2. Typical Coking coal assay ranges (Semi and hard coking coals) 
Coking coals 
Typical ranges (Coal blend not specified) 
Total C (ultimate analysis) wt% 75 - 85 
Ash  wt% 5 - 10 
Volatiles  wt% 15 - 35 
H2  wt% 4 - 6 
N2  wt% 1.3 - 2.3 
S  wt% 0.4 - 1.0 
SiO2  wt% 3 - 5 
Al2O3  wt% 1.3 - 3 
Normal Coal blends 
Specific coal usage 1.275 t coal/t coke (dry) 

Volatile 24.5%  
Ash 8.5%  
Moisture 8%  
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The energy demand of the coke oven depends on the coal mix and is approximately 3.4 GJ per 
ton coke supplied as combustion energy by 100% COG. The produced coke is quenched using 
wet quenching.  
 
The coke by-products plant is specified at a high level as shown schematically in Figure 6. The 
COG cleaning plant is equipped with the following main process equipment: 
 

 Tar separator 
 Gas cooler 
 Electrofilters 
 Naphthalene scrubbers 
 Sulphur and Ammonia scrubbers 
 Benzene (BTX) scrubbers 
 Claus plant 
 Biological waste water treatment plant 

 
Tar is separated from the raw gas in the tar main. Ammonia-water is sprayed into the raw gas 
decreasing the temperature of the raw gas from 800°C to 80°C. The cooling of the gas precipi-
tates most of the tar which is removed in the tar separator. 
 
In the primary gas cooler the gas temperature is reduced from 80°C to 20°C by spraying of am-
monia-water into the gas. The reduction of gas temperature precipitates some water from the gas. 
This results in further removal of tar and dust from the gas. The tar and dust in the ammonia-
water are transferred, together with the water phase from the tar separator, to the tar condensate 
treatment where tar is decanted from the ammonia-water, and the ammonia-water is recycled. 
The electrofilters remove remaining tar and dust from the COG. 
 
There are a series of scrubbers in the system removing naphthalene, sulphur, ammonia and ben-
zene from the gas. The basic principle with the scrubber is the difference in evaporation tem-
peratures for different substances. The raw gas after tar removal is saturated by spraying different 
washing fluids into the gas stream in washing columns. The substance is captured in the fluid 
which is regenerated by heating and vaporization in the cupelling column. The difference in 
evaporation temperature makes the different scrubbers selective 
 
In the naphthalene scrubber, distillate from the tar separator (oil) is used as the solvent in the 
scrubber. The oil is treated in the BTX distillation column where naphthalene is separated and 
the regenerated oil is transferred to the naphthalene scrubber. Naphthalene is blended with tar as 
a final product.  
 
The raw gas is further treated in the sulphur, ammonia scrubbers where H2S and NH3 are re-
moved. H2S and NH3 are then treated in the Claus process where ammonia and H2S are decom-
posed into N2, H2O and S by controlled oxidization in a combustion chamber followed by a cata-
lytic reaction. The raw gas from the sulphur/ammonia scrubber goes to the BTX scrubber where 
higher hydrocarbons (benzene, toluene and xylene) are removed from the raw gas in a similar 
process to naphthalene and then distilled. The steam demand for the washing and cupelling col-
umns is supplied by a steam boiler on site.  
 
Prior to discharge, the waste water is treated in a biological waste water treatment plant which 
uses bacteria to oxidize remaining hydrocarbons. Ammonia and other nitrogen compounds form 
nitrates.  
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2.4 The Blast Furnace Process 
 
Blast furnace reduction is the most energy intensive step in the integrated steelwork. The blast 
furnace consists of a shaft oven where coke and ferrous materials are charged via locked hoppers 
into the top of the furnace. Figure 7 shows a schematic of the blast furnace Blast air which is 
preheated in hot stoves, oxygen and fuels (e.g. coal, oil, natural gas) are injected through tuyeres 
in the lower shaft. The blast generated at the tuyeres through combustion of the fuel and parti-
cles of coke to CO provides thermal energy and reduction gas. The theoretical flame temperature 
in front of the tuyeres is typically 2 000-2 300°C. The gas ascends heating, melting and reducing 
the ferrous burden. Above the tuyeres is the cohesive zone where the ferrous burden begins to 
melt, forming an impermeable mass. The coke, which is charged in layers, allows the gas to be 
distributed and continue ascending. The molten iron, called hot metal, and slag drips through a 
bed of coke below the cohesive zone and are tapped intermittently from one or several tap holes 
in the furnace hearth. The hot metal, at about 1 500°C is poured into torpedo cars and trans-
ferred to the steel factory of desulphurization.  
  
Due to the nature of the chemical equilibrium of the reactions in the furnace, the ascending gas is 
only partially oxidized to CO2 and H2O. The blast furnace gas leaving the top of the furnace con-
tains chemical energy in the form of CO and H2. This gas is partly used in the hot stoves, and the 
remainder goes to power and steam production, firing of coke ovens or for use as combustion 
gas in other areas of the steelworks 

 

the ore melts

coke is burnt

hot metal is tapped

Figure 7. Schematic of internal processes in the blast furnace (SSAB, 2011) 
 
The hot stoves showed in Figure 8, are regenerative heat exchangers. Combustion fuels, typically 
BF gas and COG are combusted with air to flame temperatures of about 1 300-1 500°C. The gas 
transfers heat to refractory checker bricks. Once the desired brick temperature is reached, the 
combustion is stopped and blast air is heated by passing counter-currently to the direction of 
combustion gas. There are typically 3 or 4 hot stoves operating to maintain constant blast tem-
perature. Blast temperatures of 1 000-1 300°C are common. The hot stoves are the main source 
of CO2 emissions from the blast furnace factory. 

11 
 



Figure 8. Schematic description of the hot stoves 
 
The main energy source in the BF process is fossil reductant in form as coke and injectants (pul-
verized coal, oil or gas). There are a wide variety of burden compositions in Western Europe 
ranging from 100% pellets to near 100% sinter. The SSAB EMEA furnace is operated on 100% 
pellet burden. 
 

2.5 The Basic Oxygen Furnace Process 
 
The desulphurized hot metal is transported to the basic oxygen furnace (BOF). The carbon in 
the hot metal is oxidized by blowing of oxygen as shown in Figure 9. Once the carbon content of 
the hot metal falls below about 1.5%, the liquid is considered to be steel. Lime and burnt dolo-
mite are added for further refining of the steel. The oxidation of carbon and silicon releases heat 
and allows additional scrap to be added to the BOF. The operation is batch-wise, taking about 40 
minutes per charge. Blowing is made from above by water-cooled lances and in most cases addi-
tional injection is made through tuyeres in the bottom of the vessel. 
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Figure 9. Schematic description of the BOF process (Fruehan, 1998) 
 
The carbon from the hot metal is only partially oxidized in the BOF, with substantial CO re-
maining in the hot off-gas which is collected from the furnace. There are two main processes for 
recovering the thermal and potential energy from the BOF: suppressed combustion combined 
with BOF gas recovery; and full combustion. In the case of suppressed combustion the BOF is 
equipped with a hood that prohibits ambient air ingress into the off-gas produced during oxygen-
blowing. The off-gas is, however, still at high temperatures and can be passed through a waste 
heat boiler to produce steam, cleaned by wet scrubbing or electrostatic precipitator (ESP) and 
then collected in a gas holder for distribution as a combustion fuel.  
 
In the case of full combustion, ambient air is allowed into the flue and the BOF gas is combusted 
and then used to generate steam in a waste heat boiler. 
 

2.6 Composition of the Steel Work Off-Gases 
 
The major constituents of COG, BFG and BOFG are mainly CO, CO2, H2, CH4, N2 and H2O. 
The composition varies depending on the production site. The COG composition depends on 
the coking-coal analysis in the coal mix, the coke-oven-battery gas cleaning system and the coke-
oven battery. The BFG depends on the production practice in the BF. The CO content in the 
BFG is normally around 20-25% and is an indication of the efficiency of the BF process. Reduc-
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tant injection rate, iron feed and raw material quality are factors affecting the BF operation effi-
ciency. In the BOF, dissolved C in the hot metal is removed by oxygen blowing. The rate of 
BOFG recovered is depending on the gas recovery system and post combustion ratio. To get a 
representative composition, a number of concentrations from COG and BFG have been listed in 
Table 3 along with their references. 
 
Table 3. Compositions of COG and BFG. 
COG (% by Volume) 
CO CH4 CO2 H2 N2 H2O CnHm Reference 
3.9 23.5 1.0 60.0 5.8 3.1 2.7 SSAB 
4.6 25.2 1.6 58.2 - - 5.9 (Zhang et al., 2010a) 
5-9 22-28 2.0-3.5 45-60 2.4 - 1.5-3 (Yang et al., 2010a) 
3.6-4.5 25.4-26.3 3.2-5.0 59.3-62.8 2.5-3.7 - - (Zhang et al., 2010b) 
5-8 23-27 - 55-60 3-5 - - (Bermúdez et al., 2010) 
7.4 31.5 2.9 58.2 - - - (Yang et al., 2010b) 
7.0 30.1 3.0 59.9 - - - (Cheng et al., 2011) 
BFG (% by Volume) 
CO CH4 CO2 H2 N2 H2O  Reference 
22.1 0 21.9´8 3.6 48.2 4.2  SSAB 
22.1 - 24.4 5.2 44.6 3.7  (Chu et al., 2004) 
27 0.5 16 3.5 52 2  (Lampret et al., 2010) 
30.3 - 19.2 6.3 44.2 (6.1)  (Ziebek et al., 2008) 
22-26 - 16-19 1-4 58-60   (Liu et al., 2009) 
Basic oxygen gas BOFG 
64 0 16 3 14 3  SSAB 

 
Aside from the major components, there are minor component that are “cleaned in the by-
product plant as far as is practical” (Wright, 2001). These minor components include before gas 
clean-up (Wright, 2001; Kohl and Riesenfeld, 1979):  
 

 Ammonia (1.1 %) 
 Hydrogen sulfide (0.3-3.0%) 
 Hydrogen cyanide (0.1-0.25%) 
 Ammonium chloride 
 Benzene, toluene, xylene, naphthalene and other aromatics 
 Tar components 
 Tar acid gases (phenolic gases) 
 Tar base gases (pyridine bases, 0.04 %) 
 Carbon disulfide (0.016%) 
 Carbon oxysulfide (0.009%) 
 Thiphene (0.01%) 
 Mercaptans (0.003) 
 Nitric oxides (0.0001%) 

 

2.7 Biomass raw materials - Current Use, Prices and Potentials 
 
In the production of alternative fuels several types of raw materials can be used. As seen earlier 
in this report, off gases from the steel production is an interesting feedstock, but also externally 
bought biomass based fuels like woodchips or forest harvest residues are interesting to use in a 
thermal gasification plant for the production of bio-synthesis gas. 
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The use of fuels derived from wood has been increasing since the 1980’s. Climate directives and 
other political incentives that have been implemented have been instrumental for this develop-
ment. Examples of political incentives that has affected the market is the increased carbon diox-
ide taxation, the trading of allowances for carbon dioxide emissions, the increased price of elec-
tricity as well as the increase in the oil price.  
 
In Figure 10, statistics is showed for the use of renewable fuels in district heat production in 
Sweden. Since 1990 the consumption has increased from about 10 TWh to 55 TWh per year 
with a future trend of a continued increase, due to a large number of planned investments in 
combined heat and power plants. The increased use of waste as a fuel in district heat production 
is partly explained by a prohibition of sorted combustible waste in landfills, but also due to the 
fact that using waste gives a good production economy. 
 

Use of biofuels, peat and waste in district heating plants, 1980-2010, in TWh
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Figure 10. Use of biofuels, peat and waste in district heating plants (Swedish Energy Agency, 2012). 

 
The increased use of renewable fuels is consequently shown in the price development during the 
last 10 years. Table 4 shows the price specification from the Swedish Energy Agency for biofuels 
based on wood. 
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Table 4. Prices of wood fuels (Swedish Energy Agency, 2012). 
Period 2007 2008 2009 2010 10:4 11:1 11:2 11:3 

    Sweden North1 Central1 South1     

Refined wood 
fuels: (bri-
quettes& pellets) 

           

- Heat & Power 
plants 

244 271 298 300 257 312 301 290 296 295 316 

Wood chips:            

- Industry 128 146 176 200 -1 -1 -1 197 186 203 205 

- Heat & Power 
plants 

158 167 181 197 195 210 186 201 214 212 218 

By-products:            

- Industry 153 160 172 188 -1 -1 -1 187 203 196 187 

- Heat & Power 
plant 

134 157 170 179 176 194 173 182 176 183 178 

Recycled Wood:            

- Heat & Power 
plants 

64 69 78 107 79 110 98 112 109 120 119 

1 The regional accounting only comprises the heating plants. Please note that the average prices are more uncertain than the average prices 
for the nation. 2011:3 is preliminary data. 
 

2.7.1 Biomass Potential in Norrbotten 

 
The total biomass-based energy supply in the county of Norrbotten was around 6 400 GWh in 
the year 2008 of which woody fuels contributed with around 2 500 GWh (SCB, 2012). At pre-
sent, the main part of the biomass is used in the paper- and pulp industries, sawmills, district 
heating plants and in domestic boilers.  
 
The forest resources in the county are abundant with approximately 4 million hectares of pro-
ductive forest land. There are however several restrictions concerning the outtake of biomass 
from the forests. The society of today has high environmental demands and the forest is an im-
portant resource for recreation and tourism. The care of the biodiversity results in restrictions for 
the silviculture and how large outtakes of timber, pulpwood and fuel wood that can be done. 
Therefore, more than 400 000 hectares of productive forest land has today a formal protection 
from logging, most of which is located near the mountain regions (nearly 98% of the total pro-
tected area).  
 
Inappropriate felling gave rise to low wood volumes and poor regeneration during the first half 
of the 1900’s. Due to this, an extensive forest care program was initiated in the second half of the 
century and these are the reasons why the county's forests have a skewed age distribution with 
large areas of well-growing forest in age groups up to 50 years. These wood-lands are becoming 
progressively available for thinning and in the longer term also harvesting. (Pettersson, 2007) 
 
The Forestry Board estimates that a sustainable felling level is currently in the range of 4-4.5 mil-
lion cubic meters per year in Norrbotten. The paper industry consumes more than 4 million cu-
bic meters per year, which is near equal to the total consumption of the saw mill industry. This 
does not include pulp industry's use of woodchips supplied from the saw-mills. Consequently, 
over 50 % of the forest industry's need for timber is covered by imports, mainly from Västerbot-
ten, Finland, Russia and the Baltic countries. 
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The Forestry Board have also assessed that it is possible to recover about 50 % of the maximum 
theoretical level of felling residues (branches and tops), corresponding to approximately 1.3 TWh 
per year. In addition, the stumps on certain end-felled areas can also be recovered contributing to 
an additional 1.2 TWh per year. This can be added to the 6.4 TWh of biomass that the forest 
industry in the county generates and uses today. This gives a total biomass potential of 8.9 TWh 
per year. 
 
The forest growth has since long ago had an increasing trend, especially during the early 2000’s. 
The continued forest growth will be affected by the projected climate change and one assessment 
is that about a doubling of forest growth in 50-100 years may be expected. It is therefore esti-
mated that there will be a total of about 10.5 TWh forest fuel available for energy purposes in 
Norrbotten in the year 2025, assuming a 50% collection of felling residues and stumps. 
 

2.8 Automotive Fuels  
 
In total the Swedish fuel market corresponds to about 90 TWh per year, or approximately 
10 million m3 petrol and diesel with 345 000 m3 biofuels for dedicated vehicles and as low blend-
ing (for year 2011). Today the biofuels represents about 6 % and the target for 2020 is 10 %. The 
competitiveness for fuels from gasification is good, partly due to a high technical quality, partly 
due to lower production costs than the Swedish biofuels of today that suffer from high feedstock 
costs.  
 
It is highly likely that fuels from gasification will be introduced to the market within 5 years con-
sidering the fact that several pilot projects are in operation and that a number of development 
projects are making good progress. The market will probably be fragmentized and increase to-
tally, however with lower volumes of petrol where the consumption will decrease. The major risk 
is probably changed political incentives, with an even more limited market as a consequence. 
Figure 11 shows the current Swedish fuel market shares. 
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Figure 11. The Swedish fuel market for 2011 (SPBI, 2012). 
 

2.8.1 Properties and Energy Values of Fossil Fuels and Methanol 

 
Petrol 
Petrol is a fuel that is consisted of several different liquid hydrocarbons. The content is 30-60 % 
paraffin, 0-5 % naphtha, 0-13 % olephines, 30-42 % aromatics and 0-15 % oxygenates. Petrol has 
a boiling point interval between 25-205°C. Petrol quality is measured by two different variables; 
how volatile it is and its octane rating. The volatility describes how the petrol evaporates, and the 
octane rating describes the fuel’s resistance to ignite at increased pressure and temperature. Petrol 
has an energy content (LHV) of 9.10 MWh/m3 (8.94 MWh/m3 with 5 % ethanol) or 43.7 MJ/kg 
with a density of 750 kg/m3 at 15°C. 
 
All petrol that is sold in Sweden is mixed with 5 % ethanol. Petrol can, according to the EU’s 
fuel directive, be mixed with up to 10 % ethanol. However, the fuel standard for this is not con-
cluded yet.  
 
Diesel 
Diesel is a fuel consisting of a mix of liquid hydrocarbons. Diesel of Environmental Class 1 
(MK1 as specified in Sweden) has got a boiling point interval between 180-320°C and contains 
hydrocarbon chains with 10-17 carbon atoms (C10-C17). The chains consist of 50-70% paraffin, 
30-45% naphtha and 3-5% aromatics. The length and configuration of the hydrocarbon chains 
affects the product’s melting and solidification points, which influences the behavior of the fuel 
at different temperatures. Normal paraffin’s has got the worst and the ring shaped hydrocarbon 
has got the best properties at cold temperatures. The cold filter clouding point is the lowest tem-
perature that the fuel can handle without a plugging of the filter due to the precipitation of paraf-
fin’s. MK1-diesel has got good cold properties.  
 

37.8 TWh 
4.23 million m3 

51.7 TWh 
5.29 million m3 
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FAME 
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220 000 m3 
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In the diesel engine the fuel is sprayed directly to the combustion chamber and is ignited by the 
heat of compression. The combustion is then made in droplets. The fuel should have properties 
that enable a low ignition delay and this property is described by the fuels cetane rating. The 
higher the cetane rating the lower ignition delay it has, i.e. a fast ignition. The chain formed 
molecules, paraffin’s, have got a higher cetane rating than the ring shaped aromatics and naphtha. 
MK1-diesel has got an energy content (LHV) of 9.80 MWh/m3 (9.77 MWh/m3 with 5 % FAME, 
i.e. B5) or 43.3 MJ/kg with a density of 815 kg/m3 at 15°C. All diesel sold today in Sweden con-
tains at least 5 % FAME (mostly RME). Diesel can according to the EU’s fuel directive be mixed 
with up to 7 % FAME. 
 
Methanol  
Methanol is a colorless liquid fuel with faint smell and boiling point of 65°C. It contains no im-
purities of sulphur or metals. Methanol is highly toxic if ingested, but is non-mutagenic and 
methanol vapor does not involve any health risk under practical conditions. Methanol bio-
degrades very rapidly in both aerobic as well as anaerobic conditions. The energy content (LHV) 
is 15.8 MJ/liter (19.8 MJ/kg), slightly less than half of that of petrol. Methanol yields nearly 10% 
less CO2 per energy unit when combusted than petrol.  
 
Methanol is a very high octane motor fuel but a very low cetane fuel. Large-scale demonstration 
of methanol was performed in USA and Europe in early 90’s where M15 (15 vol.%), M85 and 
M100 was tested successfully. Due to reformulation of petrol and falling crude oil prices use of 
fossil based methanol was not continued. However, technically methanol is regarded as one of 
the best alternative fuels and for bio-methanol economically favored. Methanol is also being con-
sidered by several auto manufacturers as being an excellent hydrogen carrier for future fuel cell 
vehicles. Methanol is a liquid that can be easily reformed to produce the needed hydrogen. Due 
to the simplicity of the methanol molecule and in particular its single carbon atom, methanol can 
also be used directly in a fuel cell without requiring prior reformation -Direct Methanol Fuel Cell 
(DMFC) technology. 
 
Low level blending of methanol into present petrol is preferable as it opens up an immediate 
route to the entire fuel pool. Higher levels of methanol require changes in current fuel standard 
specification. Properly formulated blends with alcohols in petrol have been and are today in safe 
use. Alcohols are not miscible with diesel fuel and would require emulsions, which is not prefer-
able. It can be concluded that the "best" use of methanol on a short-term horizon is as a low 
blending component or the use in fuel-flexible vehicles. As no new methanol compatible Fuel-
flexible Vehicles (FFV) vehicles are available at the moment, the use of methanol for low blend-
ing is most likely in the near future. 
 

2.8.2 Use of Biofuels in Engines  

 
The demand of biomass based fuels is increasing as the international incentives to decrease the 
emissions of greenhouse gases continue to develop rapidly. In parallel with the work to replace 
fossil fuels with new renewable fuels, there is also an intense work ongoing regarding increasing 
the energy efficiency of engines.  
 
Vehicles with a low consumption of fuel is necessary to have in the future since the biomass 
available as feedstock for biofuels production is limited, and can even be in conflict with the 
production of food, which decreases the gross production volume potential.  
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Another aspect is the engine’s energy efficiency as the number of transportations is increas-
ing.This is considered a natural consequence as increased transportation is closely connected to 
an increased standard of living.   
 
A compression ignited motor, i.e. a diesel motor is per definition more energy efficient than a 
spark plug ignited Otto engine, i.e. a petrol engine. Historically a problem with the diesel engine 
in comparison to the petrol engine has been that the diesel motor has had higher emissions of 
components with an adverse effect on the environment and health of human beings. Today, the 
development of the diesel engine and its exhaust cleaning system has progressed rapidly and are 
therefore at similar performance levels as corresponding systems in petrol engines. The fact that 
the diesel engine has higher energy efficiency also influences the performance, as its emission of 
CO2 is lower. 
 

2.8.3 Low Blending and the Fuel Quality Directive 

 
The use of biofuels as a low blend component is the most cost effective and flexible method to 
increase the amount of renewable fuels, and therefore also effective to decrease the carbon emis-
sions from vehicles using petrol and diesel, since the method works for the majority of today’s 
vehicles. 
 
Today’s standard for petrol gives a possibility to blend it with 5% ethanol, but there is as of today 
no Swedish or European standard for petrol with a higher blend of ethanol. The fuel to be 
blended with ethanol will have to be adjusted for higher contents of ethanol, which means that 
the complete logistics chain needs to be secured to be able to manage the higher blend. Due to 
the fact that there are other vehicles and machines that use petrol, the limitation cannot be made 
to only include cars. About 15 % of the cars that are on the market today can for different rea-
sons not be driven with petrol that contains more than 5% ethanol.  
 
Despite the directive on fuel quality that permits higher blends, Preem, OKQ8, Statoil and St1 
do not have blends over 5%, see Table 5. The fact there is no standard is one explanation but 
also the tax situation. The Swedish government has removed the tax exemption at blends above 
6.5% for ethanol and 5% for biodiesel. The government have stated in the budget proposition 
that the tax exemption for biofuels should be valid through decisions of special exemptions. The 
EU suggestion for a new energy tax directive, however, means that Sweden would be able to give 
tax exemption until 2023. 
 
Table 5. Distributors and the blends of alternatives in petrol and diesel.  
Company Ethanol in petrol FAME in diesel 

OKQ8 Max 5% 7% 

Statoil 5% 5% 

Preem Max 5% Max 5% MK1 
Max 7% ACP* 

St1 (Shell) 5% 5% MK1 B5 

* Preem’s new diesel Active Cleaning Power with additives. The product ACP Evolution Diesel have in addition 15 
% tall oil based diesel which is hydrogenated 
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The government has through the implementation of the fuel quality directive in Swedish law 
given the possibility to an increased low-blend of ethanol in petrol from today’s 5% up to 10%. 
In daily speech this quality is called E10. In the same way methanol that has been approved for a 
low-blend up to 1.5% can now be blended to 3%, but in that case the blend of ethanol is lowered 
to a maximum of 5.7%, which is due to the fact that the oxygen levels are maximized to 3.7 
weight-%.  
 
The law gives this possibility from 2011-05-01 (law, 2011:319) but it does not mean that the oil 
companies will implement it. The Swedish Petroleum and Biofuels Institute (SPBI) sees the gov-
ernment’s decision as a start of longer process where the industry together with other stake-
holders needs to prepare the transition to make sure that acceptance is achieved.  
 
The change in the law is a part of the work to decrease the climate effects from the transporta-
tion sector, and has a direct purpose to decrease the emissions of fossil carbon dioxide. It means 
that the cars and also other vehicles and machines that can be driven in E10 also needs to do it 
to reach the positive climate effect. At the introduction in Finland and Germany the customers 
got skeptic to the new fuel which yielded a higher consumption of regular petrol with a low 
blend of ethanol or petrol without a low blend. It shows the risks and the importance of having a 
thorough introduction process to avoid these kinds of scenarios.  
 

2.8.4 The Sustainability Directive 

 
EU has in the directive (2009/28/EG) set a number of criteria for liquid biofuels. The sustain-
ability directive is directed to promote renewable energy that does not have a negative impact on 
the climate or the land areas where the feedstock is produced. In the directive there are demands 
to what levels the greenhouse gas emissions shall be lowered compared to fossil alternatives 
through the use of biofuels. The demand is a 35 % decrease to the end of year 2017 and after this 
the general demands are increased to 50 %. For plants that are taken into operation 2017 or later 
the demand is 60 % from 2018. The directive also defines what areas that should be protected in 
terms of maintaining biodiversity. Areas that are included in this protection plan are natural for-
est where there are no clear signs of human activity, areas that are already earmarked for protec-
tive purposes or to protect rare or threatened eco systems, and grass areas with a large biodiver-
sity.  
 
Sweden has through the law of sustainability for biofuels (law 2010:598) implemented the sus-
tainability directive in the national legislation. According to this law it shall be able to show that a 
certain number of sustainability criteria are met before the fuel can be considered renewable. The 
law includes the total logistical chain, from raw material to end use.  
 
A control system makes sure that the biofuels that are used in Sweden are sustainable. Reports 
are required from organizations that in their profession are using taxable liquid biofuels. Nor-
mally, in Sweden, it is the fuel distributors that report this. This means that the distributors have 
to make sure that the biofuels that are used can be defined as sustainable. The distributor does 
this by agreements with all parties involved in the production chain. Random checks can also be 
made to ensure that the demands are met. An independent inspector thereafter approves the 
distributors control system if it meets criteria making it correct, reliable and protected from 
fraud. The inspection should also evaluate the method that is used for checks and its frequency.  
 
 
 

21 
 



 
 

2.8.5 Political Incentives and Taxes 

 
The taxation of biofuels is an important instrument in the market since fuels are taxed differ-
ently. Petrol and diesel are imposed with energy tax, carbon dioxide tax and value added tax 
(VAT), while natural gas and liquid petroleum gas (LPG) are only imposed with energy tax and 
VAT. As with all excise duties the VAT is on top of the net price, which means that also the en-
ergy and carbon dioxide taxes are contributing to the VAT. Table 6 shows the current Swedish 
fuel taxes. 
 
Table 6. Swedish fuel taxes as of 2012 (Skatteverket (2012) and SPBI (2012)) 
Fuel Energy tax Carbon dioxide tax 

Petrol (MK1) 3.14 SEK/liter 2.51 SEK/liter 

Diesel (MK1) 1.57 SEK/liter 3.10 SEK/liter 

Natural gas - 1.624 SEK/liter 

LPG - 2.28 SEK/liter 

 
The biofuels are not covered by energy and carbon dioxide tax, only the VAT is added to the 
gross price. Products that are a mix of biofuels and fossil fuels are taxed according to the con-
tents. For example E85 that consists of 85% ethanol and 15% petrol is covered by carbon diox-
ide tax in relation to the content of petrol. In low blends of biodiesel in diesel oil and ethanol in 
petrol there is, as mentioned before, a limit for the tax exemption – 5 % biodiesel in diesel oil 
and 6.5 % ethanol in petrol.  
 
Biogas had until 2011 a legislated exemption from the energy and carbon dioxide tax. From 2011 
the rules are instead that there is a possibility for tax deduction for the energy and carbon dioxide 
tax for biogas that is consumed as a fuel or for heating purposes. This is valid for gaseous as well 
as liquid biogas (LBG). 
 

2.9 Methanol Synthesis  
 
The first step in the production of methanol is the production of synthesis gas. After obtaining 
the synthesis gas, the gas needs to be conditioned to be suitable for the synthesis. Where after the 
actual synthesis can be performed. This chapter gives an introduction to common techniques and 
follows the basic process outline just given. The information in the chapter has been collected 
from Ertl et al. (2008) Satterfield (1991) and Kolb (2009), except for where additional references 
are given to specific issues. 
 

2.9.1 Production of Synthesis Gas 

 
In the production of synthesis gas there are many alternatives available and they depend on the 
choice of fuel. Steam reforming is a common method, along with partial oxidation for natural gas 
and naphtha, while gasification is suitable for coal and biomass. In the case of COG, the amount 
of methane present in the gas need to be reduced to improve the process yield.  
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2.9.2 Steam Reforming 

 
Synthesis gas is produced by gasification of a carbon based fuel. The fuel is usually fossil, e.g. 
coal, oil or natural gas, but biomass gasification is becoming increasingly important. There are a 
multitude of different types of gasifiers, ranging from small scale fixed bed (from 10 kWth) to 
large industrial scale fluidized bed or entrained flow gasifiers (up to 500 MWth). The gas produced 
(the producer gas) contains, as main components, CO, CO2, H2, H2O, lower hydrocarbons 
(mainly CH4 and C2) and tars. If the gasifier is air blown, the gas also contains a large amount of 
N2. The amounts depends on the source fuel, type of gasifier and process conditions, for in-
stance gas produced from natural gas is very low in tars. 
The gas does also contain minor constituents, depending on the source fuel, like dust, H2S, NH3, 
COS etc. The producer gas is upgraded to synthesis gas by conversion or removal of the lower 
hydrocarbons and tars into synthesis gas. With desulphurized fuels this is usually done by steam 
reforming eventually followed by a secondary reforming step. In Figure 12, an initial reactor train 
is depicted. In the case of a gaseous of liquid feedstock starting point the gasifier is removed. 
 

 
 
Figure 12. Production of synthesis gas from a solid fuel with low sulphur content. 
 
Methane is the hardest component to convert. This is partly due to the stability of the methane 
molecule, it is difficult to activate, but also the fact that there is an equilibrium relationship be-
tween the methane and the synthesis gas: 
 

 
 
As can be seen in the reaction formula, this reaction depends on the amount of steam present in 
the gas, and that explains the name “steam reforming”. In Figure 13, the equilibrium has been 
calculated at different stem-to-carbon ratios at normal pressure. 
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Figure 13. Equilibrium conversion of methane at different steam-to-carbon ratios at normal pressure. 
 
The steam reforming process is based on external heat transfer (middle reactor in Figure 12) and 
due to material issues (in the reactor) it is normally run at a maximum of 800-900°C. This leaves 
a part of the methane unconverted in the gas. The secondary reforming step operates at higher 
temperature (1000-1100°C) and converts most of the remaining part of the methane into syngas. 
The catalyst used both in the steam reforming and secondary reforming step is normally nickel 
(Ni) as active phase on a thermo-stable carrier like α-alumina or spinel (MgAl2O4). The catalyst is 
very sensitive to sulphur and the level in the gas must be below 1 ppm. 
 

2.9.3 Partial Oxidation 

 
If the fuel is prone to coking, heavy or contains sulphur that cannot be removed e.g. before gasi-
fication, the producer gas will contain hydrogen sulphide (H2S). In such case, the catalytic re-
forming processes cannot be used due to poisoning of the catalyst. Instead a process similar to 
the secondary reforming step is used, but without the catalyst; Partial Oxidation (POX). A sche-
matic description of a POX reactor is shown in Figure 14. 
 

 
 
Figure 14. Schematics of a POX-reactor. 
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Since the reaction occurs in the gas phase, without catalyst, the process is insensitive to the sul-
phur level in the gas. However, due the lack of catalyst, the gas-phase reaction has to be per-
formed at higher temperature, at 1300°C-1400°C instead of 1000-1100°C. The heat required to 
increase the temperature is drained from the chemically bonded energy in the gas. This means 
that the produced synthesis gas by POX contains less chemically bonded energy than synthesis 
gas produced by catalytic processes. 
 

2.9.4 Reforming of COG 

 
In the literature there are some publications on the reforming of COG for increased hydrogen 
yield. These can be divided into three broad categories: 
 

 Steam reforming 
 Partial oxidation 
 Dry reforming 

 
There is also a number of publications on performing these reactions membrane assisted (Zhang 
et al., 2008a; Cheng et al., 2011), but this approach is more suitable for pure hydrogen production 
and will not be dealt with in detail here. 
 
In the case of steam reforming, traditional Ni-based catalysts are well suited, assuming that the 
level of contaminants can be lowered to acceptable levels. One Chinese research group devel-
oped a new type of solid solution catalyst based on NiO and MgO (Yang et al., 2010a). The cata-
lyst was investigated during different conditions but notably a longer test run of 100 hours was 
performed at a steam-to-carbon ratio of 1. This is to be considered low, but even so the catalyst 
performance was still high good and the coke deposition limited. Other examples of steam re-
forming work of COG can be viewed in the following references (Zhang et al., 2008b; Hashi-
moto and Onozaki, 2006)  
 
Partial oxidation was performed using nickel supported on lantana and γ-alumina (Zhang et al., 
2008a). The reaction proved to decrease the methane content and increase the hydrogen and 
carbon monoxide content of the gas. The authors of this report do however question the use of 
γ-alumina in a reforming catalyst, as the acidic sites of that carrier most probably will induce cok-
ing unless special measures are taken with respect to neutralize these.  
 
Then the suggestion or using dry reforming is an interesting one, especially since there is already 
some carbon dioxide in the gas. The term “dry” refers to performing the reforming reaction with 
carbon dioxide instead of water, thus not needing any addition of steam and therefore saving 
energy. In one paper, a Spanish research team has investigating the possibility of performing dry 
reforming of COG over activated carbons (Bermúdez et al, 2010). The conclusions from the 
study was that reverse water-gas shift may consume some of the initial hydrogen content in the 
gas, but this may be counteracted by operating at 1000°C. The authors draw the conclusion that 
one of the activated carbons investigated is a suitable catalyst, however the conversion starts tail-
ing off already after a few hours. Another research group investigated coal char as a catalyst for 
the same reaction (Zhang et al, 2010b). The results were promising and the use of modified coal 
chars was more promising than the unmodified ones. More on dry reforming of COG can be 
found in Guo et al (2008). 
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The use of non-catalytic routes has also been investigated for decomposing the methane and coal 
tars only by increasing the temperature (Onozaki et al, 2006). There are also examples on proc-
esses that might fulfill the task of removing hydrogen and methane from the COG (Purwanto 
and Akiyama, 2005). 
 
One major issue identified with most, if not all, studies presented above is that they deal with 
synthetic gases. That means that the presences of any trace components and the influence of 
these trace components on the system will be ignored. It is therefore recommended that experi-
ments are performed in-situ on an existing coking plant to get a reference in an actual operating 
environment.  
 

2.9.5 Water-Gas Shift (WGS) 

 
When the hydrocarbons have been converted the synthesis gas consists of CO2, CO, H2, H2O 
and some contaminates, like NH3, H2S, COS etc. However, the ratio between H2/CO might not 
be correct for the subsequent synthesis step. This ratio is adjusted in the WGS step. 
 

 
 
The reaction is ruled by equilibrium, and the ratio can be changed by change in the temperature 
or by injection of, for instance, steam. However, the reaction (to the right) is exothermic and a 
substantial conversion of the CO will increase the temperature and limit the maximum obtain-
able conversion.  
 
In Figure 15, an equilibrium calculation of a gas produced by biomass in a circulating fluidized 
bed and catalytically reformed is depicted. 
 

 
 
Figure 15. Calculated WGS equilibrium for a synthesis gas initially containing CO 17%, CO2 19%, H2 23%, 
H2O 42% and an inlet temperature of 350°C. In the figure the conversion route for CO is shown through a 
high temperature shift step followed by a low temperature shift step.  
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In the figure one could follow the pathway of the CO from entering the high temperature step 
(HT) at 350°C and hitting the CO equilibrium curve at 500°C. The gas is then cooled in a cooler 
before entering the low temperature step (LT). In this way a high H2 content in the gas can be 
obtained. However, if the synthesis gas is going to be used for methanol or FT-synthesis there 
should be a H2/CO-ratio of about 2. In such a case it may be sufficient with only a HT-step. 
 
The most commonly used catalyst for HT-shift is FeCr catalyst. This catalyst is also sulphur re-
sistant in that sense that it will form FeS that also is an active HT-shift catalyst, but with lower 
activity. If there is a high concentration of sulphur in the gas, CoMo-sulphide catalyst could be 
used in the process called “Sour Shift”. 
 

2.9.6 Sulphur Removal 

 
The removal of sulphur can be divided into solid and liquid phase adsorbents, each type de-
scribed under its respective headline. 
 
Solid Adsorbent 
The sulphur must be removed from the gas before the synthesis steps, unless a sulphur tolerant 
process have been chosen, like the sour methanol synthesis. Normally the sulphur levels have to 
be lower than 1 ppm or the catalysts used will suffer serious deactivation. Sulphur is removed by 
an absorption process where the gaseous sulphur, mainly H2S, reacts with the absorbent, solid 
phase or liquid, and is thereby removed. Most common is absorption by ZnO: 
 

 
 
Normally the absorbent is spent after use and require reprocessing for recycling. However, the 
ZnO only removes H2S. If sulphur is present in the form of carbonyl sulphide (COS) it is neces-
sary to hydrolyze it to H2S over an acidic catalyst, like γ-alumina before it can be removed. This 
will happen in the water-gas shift catalyst, why no hydrolyzation step is required unless gases are 
by-passed this unit operation.  
 

 
 
Liquid Phase Adsorption 
An example on a wet absorption process is the Lurgi Rectisol process. It is primarily a process 
for CO2 removal, but will also remove H2S and COS, without the need for a hydrolysis step, by 
absorption in methanol. The absorbed CO2 is released in a flash step and vented to the atmos-
phere, while absorbed sulphur is released in a separate step, where it can be feed to a Claus step.  
 

2.9.7 Gas Condensation and Scrubbing 

 
It is necessary to cool down the gas before compression for the synthesis steps; when the gas is 
cooled down to ambient temperatures, the water content of the gas condenses. This removes not 
only the water but also water-soluble contaminates from the gas, like ammonia. To enhance the 
removal the gas can also be scrubbed with water at the same time. If necessary, it is simple to 
apply further purification steps in the cooled gas.  
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2.9.8 CO2 Removal 

 
Depending on the methanol synthesis process the amount of CO2 in the gas must be adjusted or 
totally removed. As described above the Lurgi Rectisol process removes CO2 by absorbing it in 
chilled methanol under pressure. Other methods are the absorption in amine solutions and the 
chilled ammonia process. In the amine process, the CO2 is absorbed in an absorber, at ambient 
temperature, where the cleaned gas leaves at the top and the CO2-loaded liquid at the bottom of 
the absorber. CO2-loaded liquid is heated, approximately to 100°C, and introduced into the top 
of a stripper where the CO2 is released, to the atmosphere, and the regenerated amine solution is 
cooled and pumped back to the top of the absorber.  
 

2.9.9 Methanol Production 

 
This part of the description has been divided into the process, described first, and the catalysts 
which are described thereafter. 
 
Methanol (CH3OH) can be produced from synthesis gas (CO, CO2, H2) according to: 
 

 
 

 
 
All the reactions are equilibrium reactions and the equilibrium is not particular favorable at low 
pressures. To obtain high conversion, the process requires high pressure and low temperature. 
However, the catalysts, required for the reaction, have a minimum operation temperature. To 
ignite the reaction, the temperature must be at least around 200°C. A typical feed for the synthe-
sis is shown in Table 7. 
 
Table 7. Feed composition (Zhang et al., 2010a) 
Component Vol% 
H2 59-79  
CO 15-27 
CO2 8 
CH4 3 

 
If a composition within this span is chosen, for instance H2 67%, CO 22%, CO2 8% and CH4 3% 
by volume and calculate the adiabatic temperature increase, then a full conversion (100%) would 
correspond to a temperature increase of 880°C. This temperature increase is of course fictive, the 
conversion is limited by the equilibrium, as described above and thereby also the obtainable tem-
perature. In Figure 16, the adiabatic temperature increase as a function of the conversion is plot-
ted together with the equilibrium conversion versus temperature and different pressures. The 
maximum obtainable conversion, at adiabatic condition, is found at the intersection between the 
temperature line and the equilibrium line. The single pass conversion at adiabatic condition is low 
to moderate depending on pressure. 
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Figure 16. Equilibrium calculation of a CO: H2 mixture with ratio 1:2 and the adiabatic temperature in-
crease as function of conversion (assumed inlet temperature 200°C). 
 
To increase the conversion, several reactors can be used or a single reactor with divided beds 
with cooling in between, Figure 17. By doing so, it is possible to work along the equilibrium 
curve (Figure 18). 
 

 
 
Figure 17. Multi-bed methanol reactor with in-between bed cooling and gas recirculation. 
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Figure 18. Improving methanol yield by multi-bed reactor with in between cooling.  
 
However, full conversion of the synthesis gas will not be obtained, unless the produced methanol 
is separated from the gas and the remaining gas is re-circulated. Another strategy is to run the 
process isothermally. To obtain isothermal conditions for this highly exothermal process efficient 
cooling must be applied. Lurgi has solved this by using a boiling water reactor. The catalyst is 
located inside of a bundle of tubes, similar to a tube heat exchanger. The tubes are placed in an 
outer shell filled with water. By controlling the pressure of the boiling water, a very precise tem-
perature control can be obtained in the catalyst filled tubes. The generated steam can be used as 
process steam or could be used in a steam turbine for power generation. The reactor operates in 
a temperature range of 240-260°C and the yield of methanol, depending on operating pressure, 
might reach 30-40% on a single pass. Other suppliers might have used different methods to ob-
tain adiabatically or isothermally operating reactors, however, the main issue with the methanol 
synthesis is the unfavorable equilibrium and the highly exothermal reactions. 
 
Catalysts used for methanol production are usually based on copper that is a very active compo-
nent. Copper, however, sinters very easy and the metal is normally stabilized by ZnO and Al2O3. 
The catalyst is very sensitive towards sulphur and requires sulphur levels below 1 ppm. The H2S 
content of the gas will be reduced in water scrubbing and/or flue gas condensing step, but there 
will remain at least an amount of H2S in the gas corresponding to the liquid-gas phase equilib-
rium. The active component copper first forms surface sulphides that blocks the surface and 
then it will form bulk CuS. The ZnO component is industrially used for desulphurization by ab-
sorption and gives the catalyst a bit of self-protection.  
 
Chlorine is a severe poison for the catalyst however not commonly present in the gas. Volatile 
metallic carbonyls like Fe(CO)5 and Ni(CO)4 can be generated in the gas upgrade equipment it-
self, for instance from the steel in the reforming reactor. Deposited on the catalyst they can act as 
Fisher-Tropsch catalysts, deactivating the catalyst by covering its surface with high boiling waxes. 
In units using coal gasification for production of the synthesis gas, arsenic has been found in 
deactivated methanol catalysts. Nitrogen containing compounds like, NH3, HCN and CH3CN 
seems not to affect the activity of the methanol catalyst. 
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In contrast to the Cu/ZnO catalyst, molybdenum disulphide (MoS2) catalyst requires sulphur 
present in the gas. It is therefore an attractive type of catalyst to use for synthesis in coal gener-
ated synthesis gas with high sulphur content. However, the selectivity for methanol is only 50%, 
compared to 99% for Cu/ZnO. The other products are methane and other alcohols, such as 
ethanol. 
 

2.9.10 Upgrading Possibilities of COG for Methanol Production 

 
Since the gas usually contains a large portion of hydrocarbons, mainly methane and tar compo-
nents in combination with high level of sulphur it will not be possible to make a catalytic refor-
mation. However, it will still be possible to use non-catalytic partial oxidation for the upgrade. 
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Figure 19. Equilibrium calculation of COG composition, oxygen and steam is added to the gas in O2/C 
ratio of 0.5 and H2O/C ratio of 1.5. 
 
In Figure 19, an equilibrium calculation of COG composition has been done. The initial compo-
sition of the gas was taken from Table 3 (Zhang, 2010a). To the gas oxygen (O2/C ratio 0.5) and 
steam (H2O/C ratio 1.5) has been added. The temperature should reach in the vicinity of 1400°C 
in a POX operation. By the addition of steam, the ratio H2/CO could be altered, in this case the 
ratio reaches 2 at 1400°C. However the addition of steam is a question of costs. After this step, 
the organic content in the gas should be very low; the organic sulphur will also be eliminated 
forming H2S. A water quench brings down the temperature, if necessary, before the shift step. 
The hydrogen/CO ratio is adjusted in a sour shift step with CoMo-sulphide catalyst. This step 
should also hydrolyze the remaining COS and CS2 (if any) and HCN into CO, NH3 and H2S. 
Volatile chlorides and ammonia might affect the sour shift catalyst so this is an uncertainty. A 
cold loop with water scrubbing could possibly be used as illustrated in Figure 20. 
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Figure 20. Cold loop for water scrubbing. 
 
With high concentrations of sulphur in the gas, the scrubbing liquid will become enriched in H2S. 
If the liquid is cooled and re-circulated, it will become saturated in H2S and will not take up fur-
ther H2S. The ammonia and chloride will be removed from gas by the scrubbing liquid.  
 
After the shift step, the gas is cooled down and the water condensed. The cleaned gas then needs 
to be adjusted in the CO2 content. With a process type Rectisol it is possible to remove the CO2 
and the H2S from the gas. The cool, clean and adjusted gas is now ready to be compressed and 
used in the methanol synthesis process. 
 
If it is difficult to obtain sufficient low concentration of sulphur in the gas, it is possible to re-
leases the absorbed H2S from the Rectisol process into the gas and using the sour methanol 
process instead. The H2S that leaves the methanol process can be converted into solid sulphur by 
the Claus process. 
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3 Methodology 
 
An overall process-integration model of the steel plant has been used to study the integration of 
a biomass gasifier, syngas conditioning and a methanol synthesis unit into the plant in order to 
evaluate the effects on the total energy system. The most important modeling constraints are that 
the process steam balance and production of district heating are maintained. 
 
The modeling approach has been an iterative process between the overall process integration 
model and the detailed process models of the biomass gasification unit, the syngas conditioning 
and methanol synthesis. 
 

3.1 The Process Integration Model 
 
The model is based on mathematical programming, i.e. mixed integer linear programming 
(MILP) and a commercial solver CPLEX has been used. The model structure is represented as a 
network of nodes and branches, which represent process units and energy/material flows, re-
spectively. The different nodes are connected depending on the input and output to/from each 
process unit. Each node contains linear equations to express the energy and mass balance re-
quired in the process unit. Thus an entire energy system is created. 
 
The current model is based on a previous model version designed for the SSAB EMEA plant 
(Larsson and Dahl, 2003). The model core is an overall mass- and energy balance for the produc-
tion chain and separate sub-balances for the main processes which makes it possible to perform 
an overall analysis for the steel plant and to assess the effect of a change in the operation practice 
for the different processes. In this work, the modeling system has been extended to include a 
methanol synthesis unit utilizing the excess of off-gases, in some cases combined with synthesis 
gas produced via biomass gasification. The process integration model provides the possibility to 
evaluate the different integration possibilities and the effect on the overall energy system.  
 
An annual steel production level corresponding to 2.1 Mt of steel slabs has been chosen. Differ-
ent possibilities to increase or decrease the gas generation has been included in the overall opti-
mization model. Possibilities to increase the available COG through e.g. increased oxygen utiliza-
tion in the BF hot stoves (Wang et al. 2011) and alternative prioritization of the generated COG 
have been assessed. The effect of changing the BF operation practice through changes in the 
operation practice e.g. PCI injection rate has also been considered. 
 
The combined heat and power plant produces electricity, steam for wood drying and district 
heating. There are large seasonal variations in the district heat load for the municipality. The 
heat-load capacity has a peak of 220 MWth during winter and a low of just 20 MWth during sum-
mer.  
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3.2 The Biomass Gasifier and Methanol Synthesis Models 
 
The gasifier model is based on pressurized, oxygen-blown bubbling fluidized-bed gasification 
technology, which has been scaled to suit the selected cases. The benefits include fuel flexibility 
and high cold-gas efficiency. The drawbacks are need for tar and methane reforming. Therefore, 
a reformer has been included and raw-gas cleaning with hot gas cyclone and filter and water 
scrubber. Also the gas is cooled from about 900°C, producing high pressure steam. The product 
is a reformed gas which is cooled and cleaned from most alkali, ammonia, chlorides, metals, tars 
and particles. The model is based on budget quotations from suppliers which have been inte-
grated also for the steam diagram to complete the material and energy balances, as further de-
scribed in the BioMeeT II report. (Ekbom et al. 2003). 
 
After gasification, the gas is passed through a number of unit operations aiming at purifying and 
conditioning. Initially, the temperature of the gas is lowered to 400°C to allow for filtration. After 
filtration the tar content of the gas is removed and any methane in the gas is reacted in a steam 
reforming step, carried out at 850°C. (Albertazzi et al. 2008). In cases B and C, the COG and 
COG with BOFG is mixed into the biomass-generated gas upstream of the reforming step. The 
gases are cooled and the high-quality heat is used for steam generation. Thereafter the gases are 
controlled to the desired set-point in producing methanol, a CO:H2-ratio slightly above 2, using a 
water-gas shift reactor. This shift is operated as a high-temperature water-gas shift reactor. To 
control the ratio, the gases are split and one stream is passed through the reactor, shifting it to 
equilibrium whilst the other stream is bypassed (Albertazzi et al. 2005). The residual heat is used 
for steam and district heat generation upon cooling for a Rectisol CO2 removal.  
 
The Aspen Plus model consists of the most important unit operations. The steam reformer is 
modeled as an isothermal reactor that minimizes the Gibbs free energy. The conversion of meth-
ane and lower hydrocarbons is high under the simulated conditions. Following the reformer is a 
water-gas shift reactor. This reactor is modeled as an adiabatic equilibrium reactor. After the shift 
reactor, the gas is cooled down and CO2 is removed in a Rectisol scrubber. A multistage com-
pressor with 70°C inter-cooling is used to compress the synthesis gas to 100 bar prior to the 
methanol synthesis reactor. The recycle ratio is set to 3:1. A second compressor is used for the 
recycled gas. The methanol reactor is modeled as an adiabatic equilibrium reactor. Heat-
ers/coolers are used wherever necessary. 
 
The methanol synthesis is traditionally performed in a packed bed catalytic reactor operating at 
elevated pressure. The catalyst used is most commonly based on copper and aluminum oxides 
(Ertl et al. 2008). Due to equilibrium reasons, unreacted feedstock is recycled for economic rea-
sons. For the purpose of this simulation, the reaction has been performed at 100 bar pressure 
and the recycle is set to 3, with a reactor pressure drop of 8 bar. The reactor operates adiabati-
cally with a temperature increase of 210°C. After passing through the reactor, the gas stream is 
cooled to condense the formed methanol and the non-condensable gas is recycled; part of the 
recycle is bled of to avoid accumulation of contaminants. The condensed methanol is further 
purified via distillation in two columns, where it is further separated from water and other trace 
impurities. The methanol production is accompanied by production of other types of energy 
carriers as well, more specifically high-pressure steam (86 bar 300°C), low-pressure steam (15 bar 
200°C) and district heating. 
 
In Figure 21, an overview of a biomass to methanol plant may be viewed. In the following case 
descriptions, the changes compared to this set-up will be explained; in some cases only the 
methanol synthesis part is present. 
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Figure 21. Process flow diagram for biomass-based methanol production. 

 

3.3 Efficiency definitions 
 
In the following section the definitions of efficiency used in the report will be described. In the 
report, there are three measures of efficiency reported whereof two are defined using the heat 
content of the utilities and products and one using the electricity equivalence number. In the case 
of definitions based on heat content, they are termed: 
 

 Power plant efficiency 
 Total gas utilization efficiency 

 
The first measure pertain the effect a system-change has on the existing power plant currently 
operated by Lulekraft and is defined as: 
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I.e. the power plant efficiency equals the heat and power produced in the plant related to the fuel 
input in the form of gas from the steelworks and oil. The total gas utilization efficiency on the 
other hand is the relationship between the useful energy produced and the available gas in the 
steelworks: 
 

 
 
When using mixed energy carriers, efficiency calculations are helpful but not necessarily an ap-
propriate indicator of the “best” system. The electricity equivalents method is therefore used to 
represent the overall exergy of the system and they are calculated using power generation effi-
ciencies (Larson et al. 2009), using the best available technology to the knowledge of the author’s, 
see Table 8.  
 
To exemplify, the methanol production efficiency would be calculated by first determining the 
amount of electricity equivalents that are fed to the methanol production system, in the form of 
biomass, steel-plant gases and electricity (MW electricity equivalents). Thereafter the electricity 
equivalence number of the methanol produced is determined and, to yield the efficiency, it is 
divided with the feed number: 
 

 
 
Table 8. Electricity equivalence number for various energy carriers in the system 
Energy Carrier Electricity Efficiency   Refs. 
Biomass, COG and BOFG 46.2 % (Stahl, 2001) 
Hot water 10 % Opcon, 2010) 
Methanol 55.9 % (Stahl, 2001) 

 

3.4 Economic analysis 
 
For each case, an economic analysis has been carried out based on certain key parameters result-
ing in a final valuation of the competitiveness of methanol production for a selected plant size. 
Even if the investment costs differ and it is more difficult, and entails more risk, to finance a 
larger sum of money, still the production cost is the most important factor. Adding to this cost is 
the distribution cost for a correct comparison with fossil fuels and alternative fuels. 
 
Each case has been carefully designed and modeled and integrated to a complete plant with aims 
for high efficiency and low costs. As a basis for these calculations certain financial parameters has 
been specified together with prices of raw material and products, see Table 9 and Table 10. The 
plant produced steam, tail gas and heat which are all sold at assumed market prices for the com-
panies at Luleå. 
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Table 9. Financial parameters for Cases A-D. 
Factor Value Reference 

Exchange rate, SEK/USD 6.847 Riksbanken, 2012-03-15 

Exchange rate, SEK/EUR 8.929 Riksbanken, 2012-03-15 

Interest rate 6.0% Assumption 

Equity part of CAPEX 40% Assumption 

Loan part of CAPEX 60% Assumption 

Equity return 10% Assumption 

WACC1 7.60% Assumption 

Project lifetime 20 years Assumption 

Yearly hours of production, product 8000 Assumption 

Yearly hours of production, heat 5500 Assumption 

1. WACC, Weighted Annual Cost of Capital. 
 
Table 10. Costs and prices of raw material and products.  
Factor Value  Reference

Biofuel, wood chips 200 SEK/MWh Swedish Energy Agency (2012) 

Electricity, purchase price 560 SEK/MWh Nordpool (2012) 

COG, purchase cost 200 SEK/MWh General assumed figure 

Tail gas, selling price 200 SEK/MWh General assumed figure 

Steam, selling price 275 SEK/MWh General assumed figure 

Heat, selling price 150 SEK/MWh Lulekraft AB 

 
The investment cost (CAPEX, Capital Expenditure) has been assessed based on conducted stud-
ies, third party supplier budget quotations and in-house database information, which have been 
updated to first quarter of 2012 and scaled to the studied plant sizes using generally accepted 
factors. Increases in material prices and engineering costs have been included in the calculations 
by means of indexation, using generally accepted indices (CEPCI etc.). 
 
CEPCI (Chemical Engineering Plant Cost Index) shown in Figure 22, is an index that focuses on 
the cost of process plants. It gives an indication of general price increases, which affects the in-
dustry globally. CEPCI is a weighted average of a number of subcategories, including engineering 
and surveillance of the erection of the works, materials (heat exchangers, pipes, valves, instru-
mentation, buildings, etc.), where the largest weight is put on process equipment and machines. 
The costs have increased rapidly since 2003, which has been explained by an increase in steel 
demand due to a large volume of infrastructure projects in China.  
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Figure 22. CEPCI, yearly average indexes for the development of capital expenses  
for process plants, during 1990-2011 (Chemical Engineering, 2012).  
 
It is difficult to extract data from the suppliers as they rarely make budget quotations unless there 
is a real project and these are very much tailor-made since the conditions vary. However, some 
important characteristics can be made and the pros and cons of possible routes and integration 
process schemes can be presented. 
 

3.5 Analysis of Gas Transients 
 
The net supply of steel work off-gases is not constant but fluctuates depending on process varia-
tions. Direct compensation in the methanol production can be difficult. Probably a portion of 
the gas has to be viewed as safety margin and sent to other, less profitable use. Knowledge about 
these fluctuations is of interest for further, more detailed studies. In a previous study, the peri-
odic behavior of the gas balance has been studied using Fourier analysis. Variations of different 
frequencies were noticed and summarized in Table 11.  
 
Table 11. Fourier analysis on samples of different length 
Gas Long period Short period 

Mix gas 25 h 4.4 h, 1.5 h, 40-47 min 

BF gas 16 h (BF1), 50 h (BF2), 1.5 h, 30 min  Not tested 

BOF gas 50 h, 12.5 h, 6.25 h 4.4 h, 2.7 h, 1.2 h,  50 min 

COG 25 h, 3.6 h, 1.8 h, 1.3 h  3.6 h, 15.4 min 

 
The data are from an unpublished project report by Larsson and Dahl (2002). Some of the ob-
served frequencies disappeared if the evaluation was made for a longer period, probably because 
they are not strictly periodic and with the same repetition frequency throughout the entire length 
of the measurements. For this reason it was considered interesting to also use another tool, 
Wavelet analysis, which can evaluate non-periodic phenomena. 
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Discrete wavelet analysis can be used for decomposing measurements into signal components 
that show the behavior of the measured values at different time scales. Contrary to Fourier analy-
sis, which decomposes a signal into periodic signal components of different frequencies, wavelet 
analysis has the advantage that it is local in time. This is achieved by decomposing the measured 
signal into a sum of building blocks (basis functions) that each has a very well-defined location 
and contain variations on a very well defined time scale. For example, the topmost two plots in 
Figure 23 show the box-shaped Haar scaling function and Haar wavelet. Integer translates of the 
Haar scaling function, each multiplied with some constant, can be used to approximate a signal 
by mean values on intervals of length 1 (time scale 1). For a finer approximation with mean val-
ues on intervals of length ½ (time scale ½), one can add integer translates of the Haar wavelet, 
each multiplied with some constant. Next, by shrinking the Haar wavelet to half its original 
length, one can add a layer of smaller building blocks catching details in the signal that have time 
scale ¼. By proceeding in the same way, one can build an arbitrary fine-scale approximation of 
the signal. Since different time scales are represented separately, by different sized wavelets, the 
signal can easily be decomposed into a sum of signals showing different time scales. The Haar 
wavelet gives piecewise constant approximations, but all mathematical properties necessary for 
the decomposition into different time scales can be repeated with more smooth building blocks, 
such as the wavelets depicted in Figure 23. This is all described in more detail in textbooks such 
as Bergh et.al. (1999) and Mallat (2009).  

 
Figure 23. A few examples of wavelets available in the Matlab Wavelet Toolbox. The time scales indicated 
in the figures in Section Fel! Hittar inte referenskälla. correspond to half the period length indicated in red 
in the right-hand plots. 
 
For a first application of wavelet analysis, hourly logged data from 2006 were collected from 
SSAB EMEA in Luleå.  The year 2006 was chosen as it was considered important to study a pe-
riod with full steel production. This made the recent years inappropriate because of the situation 
of the world economy. A preliminary analysis of periodic behavior was made using an already 
existing Fourier study. The data logging of the plant uses minute, hourly, weekly and monthly 
means. However the minute means are saved a limited time, roughly 54 weeks, and thus not 
available for 2006.  
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3.6 Case Descriptions 
 
Four different cases have been evaluated and compared to a reference case representing the cur-
rent production system and capacities (year 2006). The most critical factors are the integration of 
the gases with availability to the synthesis unit, to balance the steam system of the biorefinery and 
to meet the district heat demand of the city. 

3.6.1 Reference Case 

 
The reference system is simulating SSAB EMEAs production according to 2006. According to 
the production figures the annual steel production from the system is 2.1 Mton steel slabs. The 
liquid steel produced in the BOF converters amounts to 2.22 Mton liquid steel, and the hot metal 
production from the BF was 2.25 Mton. The coke plant produces 0.74 Mton coke. The process 
gases arising in the system is used onsite and in the combined heat and power plant. The total 
steelwork gases to the power plant amounts to 2.28 TWh, consisting of COG, BFG and BOFG. 
The production in the power plant consists of district heat (753 GWh) power (603 GWh), proc-
ess steam (30 GWh) and drying gases (91 GWh). The flaring of process gases, mainly due to 
process disturbances amounts to 0.39 TWh. Figure 24 shows the main production flows of the 
steel mill for the reference year. 
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Figure 24. Main production flows according to 2006 years production.  
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The available COG and potential for production of methanol is analyzed based on this produc-
tion scenario setup. 
 
More COG can be made available by reprioritizing among the gas users. The power plant uses 
237 GWh COG in the production of heat and power and additional 67 GWh of COG is flared. 
This amount of COG, 301 GWh, can be used for other application.  
 
Additional COG users in the system is the under-firing of the coke-oven battery, addition to the 
firing of the hot stoves, firing of the lime furnace and smaller burners for heating purposes.  
There are several steelworks which are using a mix of COG and BFG in the firing of the coke 
oven battery. However, the distance between coke plant and blast furnaces is significant, making 
investment in mixed firing of the coke-oven battery uneconomic. The lime furnace is using COG 
to heat the furnace producing the burned lime. This COG could be changed to other fuel. How-
ever, changing to another fuel would neither improve the energy efficiency nor the CO2 effi-
ciency of the system (unless a non-fossil fuel is chosen). 
 
The use of COG in the hot stoves is mainly to improve the heat value of the gas in order to 
reach a higher flame temperature and thereby allowing producing a high temperature blast. This 
is due to the low heat value of the BFG. Several technologies for utilizing low calorific gases to-
gether with oxygen can be found in literature. Oxygen enrichment in hot stoves is not commonly 
used. Oxygen enrichment of combustion air results in less nitrogen in the combustion air, allow-
ing the low calorific gas to reach a higher flame temperature. In a study by Wang et al. the tech-
nology is examined for the hot stove system. With fixed blast temperature, increased oxygen level 
in the combustion air will lead to decreased COG flow in the hot stove, while BFG flow rate has 
to increase to provide enough energy. This changes the energy balance of the system. With this 
option the available COG increases to 643 GWh. 
 

3.6.2 Case A - COG and BOFG 

 
In case A, the available excess COG together with BOFG, is used for methanol production as 
illustrated in Figure 25. The excess COG is made available by introduction of oxygen enrichment 
in the hot stoves firing liberating COG, further reprioritization among the COG users. The CHP 
is operated on the excess of the steel-plant gases BFG and BOFG and the tail gas from the 
methanol synthesis. The HP steam and heat generated from the synthesis is integrated with the 
CHP. 
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Figure 25. System boundary Case A 
 

3.6.3 Case B - COG Mixed with Biomass Synthesis Gas  

 
In this case, biomass-based synthesis gas is mixed with COG as shown in Figure 26. The consid-
ered biomass gasification technology is based on a fluidized bed gasifier unit. The CHP is oper-
ated on the excess of BFG and BOFG and tail gas from the methanol synthesis. The steam and 
heat generated from the synthesis and gasifier is integrated with the existing CHP cycle. 
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Figure 26. System boundary Case B 
 

3.6.4 Case C - COG, BOFG and Biomass Synthesis Gas 

 
In case C, also the BOFG is utilized for the methanol production as shown in Figure 27. The 
additional BOFG is introduced to the methanol synthesis together with the biomass based syn-
thesis gas. The CHP is fuelled by the BFG and the tail gas from the synthesis. In this operational 
mode the CHP is operated close to the lower limit of heat value of fuel gas. The steam and heat 
generated from the synthesis and gasifier is integrated with the existing CHP cycle. 
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Figure 27. System boundary Case C 
 

3.6.5 Case D - Extraction of the Hydrogen 

 
In this case, the hydrogen is separated from the COG and then mixed with the biomass synthesis 
gas as shown in Figure 28. Hydrogen is separated from the COG by PSA technique. The sepa-
rated H2 corresponds 60 vol%, amounting to 211 GWh. The resulting tail gas is fired in the CHP 
together with BFG and BOFG. The steam and heat generated from the methanol synthesis and 
gasifier is integrated with the existing CHP cycle 
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Figure 28. System boundary Case D 
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4 Results 
 
In order to make a comparison of the cases A-D, two methods have been used to measure the 
competitiveness. The first is the energy efficiency and the other an economic calculation of capi-
tal and production cost. The calculations have uncertainties and consequently no detailed conclu-
sions should be drawn. However, some general conclusions of probable levels of difference are 
visible. Further reading on economic analysis of biorefineries can be found in Brandberg and 
Ekbom et al. (1997 and 2000) and Ekbom et al. (2003, 2006 and 2009). 
 
The calculations of the cases are all based on methanol as product. There are other products 
available with similar technology and all based on gasification. These are dimethyl-ether (DME), 
Fischer-Tropsch diesel and SNG, Substitute Natural Gas or a substitute to biogas for vehicles. 
Costs and yields are different but the options are still at hand. 

4.1 Production Volumes and Methanol Efficiencies 
 
Case A, where the excess COG and 40% of the BOFG results in the lowest production capacity, 
98 000 tons per year based on 8 000 hours of operation. The methanol efficiency, on the other 
hand, becomes the highest exceeding 70% (calculated on an electricity equivalence basis). In the 
case with mixing COG into the biomass generated gas before the reformer (Case B), the poten-
tial production is about 270 000 tons of methanol per year but at a significantly lower efficiency, 
almost 56%. In case C, when COG, BOF and biomass synthesis gas are used, the equivalent fig-
ure is 282 000 tons per year with a slightly higher efficiency than in Case B, 57%. In case D 
245 000 tons of methanol per year are produced, but with the lowest efficiency, only 43%. As 
shown in Table 12, the different cases have different outputs of the other energy carriers. When 
relating them to the produced methanol amount, the differences in steam production are low, 
and the only major outlier is the district heat production in the A case which is unusually low. 
This is also mirrored in the high methanol efficiency. The different outputs from the various 
cases are summarized in Table 12. 
 
Table 12. Steam, district heating and tail gas outputs of the different cases 
Case HP Steam (kg/s) LP Steam (kg/s) District heating (MW) Tail gas (MW) 
A 4.7 2.7 6.7 19.5 
B 22.8 9.3 73 50.9 
C 27.7 11.1 75 58.2 
D 20.8 9.1 69 41.9 
 
Figure 29 shows the annual production capacities and the methanol efficiencies of the different 
cases. 
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Figure 29. Blue bars show the production capacities and red bars illustrate the methanol production effi-
ciencies 
 

4.2 Overall Site Analysis 
 
The total gas available for methanol production varies in the different cases depending on the 
energy balance of the plant and the possibility for the power plant to utilize the different gases. 
The constraint for the heat supply to the district heat network is set to 753 GWh. The power 
production is made in either back-pressure mode or in condensing-power-production mode. 
Reduced district heat load will affect the possible gas utilization. Summarized results for the dif-
ferent cases are found in Table 13-Table 15. 
 
In case A, the total amount of COG made available for methanol production amounts to 
656 GWh. This is achieved by utilizing stove oxygen-enrichment technology in the firing of the 
hot stoves. This enables the hot stoves to be operated on purely BFG instead of a mixture of 
BFG and COG. The COG made available amounts to roughly 360 GWh annually. Additional 
COG is made available to methanol production prioritization methanol production over CHP. 
The COG is mixed together with 40% BOFG (185 GWh). Additional COG and BOFG is made 
available to methanol production prioritization methanol production over CHP. The total 
amount of fuel gases to the power plant decreases from 2 281 GWh to 2 126 GWh. The energy 
in the fuel gases are still enough for DH production. The total flaring of process gases decreases 
to 131 GWh. The decreased flaring and change in utilization of the fuel gas influences the overall 
energy efficiency of the CHP and the combined efficiency based on methanol, heat and power. 
The increased use of COG in methanol production decreases the flared gas amounts. The total 
efficiency, increases to 63.7% as the increased use of COG in methanol production decreases the 
flared gas amounts. The power plant efficiency is slightly increased to 62.1%. 
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In Case B, COG together with synthesis gas from biomass gasification is used for methanol pro-
duction. In this case significant HP steam is recovered from the methanol production is inte-
grated into the existing steam cycle at the CHP and the energy in the tail gas from the methanol 
synthesis is supplied as fuel to the power plant. The fuel gases supplied to the CHP decreases to 
1 422 GWh. This is due to the drastic increase in district heat produced and supplied from the 
methanol synthesis and the recovered HP steam. This influences the steam cycle of the power 
plant limiting the amount of fuel gases possible to recover. The total effect of this is increased 
flaring of the steel plant gases. Due to the low calorific value of the BFG additional COG is 
needed to ensure a combustible mixture which in turn results in less available COG to the 
methanol synthesis. The total gas utilization efficiency in this case increases to 59% compared to 
the reference system. However the flaring increased substantially and is 1 395 GWh.  
 
In case C, additional 492 GWh of BOFG is introduced in the feedstock for methanol produc-
tion. In this case the largest amount of HP steam is supplied to the CHP. The effect of utilizing 
the BOFG in methanol production can be seen on the amount of gases flared. The total gas 
utilization efficiency increases to 63.9%. The increased HP steam amount supplied to the power 
plant and the increased district heat production from the methanol synthesis results in higher 
condensing power production operation, reducing the fuel input to the power plant. The amount 
of flared steel plant gases amounts to 1 160 GWh. 
 
In case D, hydrogen from the COG is separated by PSA. The hydrogen is mixed into biomass-
based synthesis gas. The tail gas from the PSA containing CH4 and CO is fired in the power plant 
together with the tail gas from the methanol synthesis. The district heat production from the 
methanol synthesis and the HP steam recovered results in increased condensing power produc-
tion. The corresponding total efficiency decreases to 54.4%.  
 
In cases B-D the total power production increases to a maximum, close to 840 GWh, resulting in 
limitation in the recovery of process gases. In case A there is still possibility to utilize more proc-
ess gases. 
 
Table 13. Summarized results for the methanol synthesis 
Fuel input Ref Case A Case B Case C Case D Units 

COG 0 656 555 521 0 GWh 

COG H2 0 0 0 0 176 GWh 

LDG 0 191 0 492 0 GWh 

BIO SYNGAS 0 0 2190 2190 2190 GWh 

 
 
 
 

49 
 



Table 14. Fuel gases to the power plant (GWh/yr) 
 Ref Case A Case B Case C Case D 

Fuel gas 2281 2126 1422 1224 1687 

BFG 1655 1652 981 758 939 

BOFG 389 306 0 0 0 

COG** 237 0 0 0 375** 

Tailgas MeOH n.a. 154 427 453 360 

HP steam MeOH n.a. 104 534 602 450 

District heat MeOH n.a. 53 613 584 516 

District heat -  CHP 753 700 141 169 237 

District heat  753 753 753 753 753 

Power BP 331 326 128 148 160 

Power Cond. 272 335 713 693 681 

Gas utilization efficiency* 50.7% 63.7% 58.5% 63.9% 54.4% 

Power plant efficiency 59.5% 62.1% 62.1% 66.1% 60.1% 

* Defined in section 3.3  
** Tail gas from PSA containing the H2 free fraction of the COG 
 
Table 15. Flared gases (GWh/yr) 
 Ref Case A Case B Case C Case D 

Total 392 131 1395 1160 1444 

BFG 169 66 737 960 780 

BOFG 157 55 546 55 546 

COG 67 10 111 145 118 

 

4.3 Investment Costs 
 
Estimated costs and prices are stated with some conservatism. A further design effort would 
probably show lower investment and production costs. The costs are presented for cases A-D 
where every process island has been calculated as a turn-key delivery, i.e. including erection and 
civil works. In addition, the balance of plant completes the plant. This part includes all the adja-
cent parts of the plant which do not belong to a specific process island, for example buildings, 
pipe racks, power supply etc. Table 16 shows a summary of the calculated investment costs. 
 
Table 16. Summary of calculated investment costs, in MSEK.  
Investment cost Case A Case B Case C Case D 

Direct costs 1022 3167 3359 2868 

Indirect costs including unspecified* 426 1235 1335 1050 

Total costs 1448 4401 4698 3918 

* Includes costs such as project administration and development, legal permits, engineering, interest during erection, insurance, working 
capital etc. Unspecified costs with own estimations includes startup, functional testing before commercial production, temporary equipment, 
spare parts and storages.  
 

The direct costs includes process equipment, bulk material as piping, electrical equipment, in-
strumentation, tracing and insulation, pipe racks and steel structures, painting, technology and 
license fees, civil works and erection works, roads and areas for handling of biofuels, spare parts 
to important process equipment and transportation to the construction site.  
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Relatively high investment costs can be explained by several factors. One of them is the early 
stage of a project and a technology which have not been demonstrated in full scale. This means 
that the focus has been to implement processes and equipment that are already suited for a plant 
of this size, and also that the product yield, availability and technological efficiency have been 
prioritized at this stage.  
 
Another factor that influences the investment cost is the use of API-standards in the design of 
the plant. API is used in the oil- and petrochemical industry and typically puts high demands on 
equipment regarding redundancy and mechanical construction, which yields higher costs. In-
creasing global market prices on raw materials like oil and steel, as well as increased prices for 
engineering and the challenge of finding expertise in this area are other reasons for a high in-
vestment cost.  
 

4.4 Production and Distribution Costs 
 
Perhaps the most important economic factor is the production cost. It gives an evaluation of 
how profitable a production of methanol would be for a given capacity of the plant. The produc-
tion cost has been calculated, where revenues, e.g. district heat which is exported have been ac-
counted for. The production cost is given in SEK per petrol equivalent liter, where the unit cost 
is adjusted for the differences in the heating value and density of petrol and methanol. The cost 
of capital is calculated as an annuity with an annuity of 7.6 %. Table 17 shows the calculated pro-
duction costs for the different cases. 
 
Table 17. Estimated production costs for the cases A-D. 
Production cost Unit Case A Case B Case C Case D 

Operational cost MSEK/year 351 1003 1031 879 

Capital cost MSEK/year 143 435 464 387 

Production cost SEK/MWh 824 819 803 1061 

Production cost SEK/ton 4559 4534 4447 5871 

Petrol eq. liter SEK/liter 7.36 7.32 7.18 9.48 

 
The investment is of a large magnitude and the plant uses a lot of fuel, which means that the 
capital and fuel costs represent a large part of the production cost. It may be difficult to find use 
for the large amounts of excess heat that is produced at the plant. However, the income of dis-
trict heat is small in relation to the revenues of methanol. 
 
Ecotraffic has conducted several studies regarding the distribution cost issue (Ekbom et al. 
2003). The difficulties of this is constituted by the fact that it has to be calculated on an equal 
basis and then compared with the reference case, which is oil shipped from Rotterdam. Ques-
tions that has to be answered includes where the system boundaries is to be set; if it is to include 
the complete system or to isolate local parts of it.  
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Generally, the liquid fuels have much lower distribution costs than the fuels that are in gas phase. 
This is due to already existing infrastructure for the liquid fuels, whereas the gas phase fuels 
would need large investments. An E85-pump can cost hundreds of thousands of SEK, while a 
pump adapted for gas phase fuel can cost as much as SEK 3.5 million. Other than the costs, 
standards and procedures are needed regarding mixing etc. Fuels with a lower energy density like 
methanol in comparison with fossil fuels like petrol and diesel yields higher costs. A rough esti-
mation of the distribution cost is that for fossil fuels the cost is about 1-1.5 SEK/liter, and that 
methanol and ethanol have about 20-30 % higher costs. 

4.5 Environmental Analysis 
 
The annual steel production for the reference year is 2.1 Mton prime casted slabs. The difference 
between casted and prime casted is losses and scraped slabs due to quality and format limitations. 
The production in the different units, Coke plant, BF and BOF plant is 736, 2 251 and 
2 245 kton, respectively and the complete system uses almost 3.2 Mton of iron-ore pellets annu-
ally. To reduce and melt the pellets in the BF, coal is used. The total coal demand in the system 
(coking coal and injection coal) is almost 1.4 Mton. After the chemical reduction in the BF, the 
supplied coal will be emitted as CO2. Converting all the incoming carbon of the different coal 
types into CO2, 3.457 Mton CO2 is generated. One part of this CO2 is emitted in the steel plant 
and the other is emitted in the CHP plant. The specific CO2 emission (calculated as total carbon 
as CO2 divided by the steel production) is 1.641 ton/ton of slabs. The integration with the CHP 
plant makes it possible to produce heat and power from the recovered process gases, amounting 
to 753 and 603 GWh respectively on annual basis. The electricity is used mainly on site (including 
O2 production) but give also rise to a surplus amounting to 60 GWh. Summarized results for the 
reference case and the different cases A-D is shown in Table 18. 
 
Table 18. Summary of main material flows. 

 Ref 
2006 

Case A Case B Case C Case D 

Coal (kton/a) 1 393 1 391 1 391 1 391 1 391 

Pellets (kton/a) 3 196 3 193 3 193 3 193 3 193 

External scrap (kton/a) 6 6 6 6 6 

Biomass-syngas (GWh/a) 0 0 2 190 2 190 2 190 

Slabs (kton/a) 2 106 2 106 2 106 2 106 2 106 

Power Surplus (GWh/a) 60 0 0 58 99 

Power (deficit) (GWh/a) 0 1 10 0 0 

Heat (GWh/a) 753 753 753 753 753 

MeOH (kton/a) 0 98 270 282 245 

Surplus gas (GWh/a) 392 131 1 395 1 160 1 444 

CO2 (kton/a) 3 457 3 392 3 395 3 392 3 392 

 
As shown in the table, the coal and iron-ore pellet usage is more or less constant in all the cases. 
There is a slight reduction in coal demand and pellet use in the Cases A-D due to that the new 
operation practice suggested with O2 enriched combustion air in the hot stoves results in a minor 
efficiency improvement. In turn, this results in a small reduction in coal use and consequently 
reduced CO2 emissions. The specific CO2 emissions for the different cases are shown in Figure 
30 indicating that the emission for the system decreases slightly with the integration of methanol 
production. The specific CO2 emission for the steel plant is as lowest in Case A as an effect of 
the decreased flaring of excess gases.  
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Figure 30. Specific CO2 emissions per ton of steel slabs (fossil sources). 
 
As the total emissions of CO2 generated within the system decreases at the same time as metha-
nol is produced, the methanol product must be considered as carbon neutral.  
 

4.6 Analysis of Gas Flow Transients 
 
In this section, the results of the Wavelet analysis is reported and analyzed.  
 

4.6.1 Initial Study on Hourly Data 

 

The net delivery of the COG is shown in Figure 31. Also a plot for the whole year was taken, but 
the details were less readable, so it is not shown here. It can be seen that there are more long 
term variations several days, perhaps weeks, overlapped with short fluctuations that are not very 
visible in the diagram. 
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Figure 31. Hourly data showing the net delivery COG volume flow February 2006. The right-hand plot is a 
close-up of the first three days in the left-hand plot. 

 
The short fluctuations down to one hour are visible in the hourly plot, but disappears when the 
time resolution is increased. 
 
The steam boiler at the coke oven plant is a large internal consumer of COG as it produces the 
steam used in the gas treatment plant. The gas consumption of the boiler during the same period 
is shown in Figure 32.  
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Figure 32. Gas use in coke plant Steam Boiler Feb. 2006 
 
Both long and short changes are visible. A comparison with the left diagram in Figure 31 indi-
cates a mirror effect: Periods of higher consumption seem to correspond to a decreased net de-
livery and vice versa. This is expected as Figure 31 shows the net delivery after taking away gas 
for the steam boiler. 
 
There is a relatively constant consumption, and stops with zero use at irregular intervals. Such 
irregularly occurring transients’ makes these signals less well suited for Fourier analysis, which 
primarily looks for periodic behaviors. 
 

4.6.2 Wavelet Analysis 
 
Figure 33 shows an example of variations in gas volume flow and the components that were ob-
tained by means of a Bior 3.3 wavelet decomposition. 
 

 
 
Figure 33. Bior 3.3 wavelet decomposition of COG delivered from the coke oven plant during 2006. 
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The upper plot shows the COG delivered from the coke oven plant. The next three plots show 
decomposed components with three time scales: 5.3 days, 1.3 days and 4 hours. The lowest plot 
shows the hourly variations that remain after subtracting the more coarse scale fluctuations in 
subplots 2-4. Consequently, the topmost original signal equals the sum of the other four signal 
components plotted in Figure 33. 
 
Similar diagrams were created of the other variables and analyzed and compared with the gas 
delivery curve. One of them, the gas consumption at the steam boiler is shown as an example in 
Figure 34. Some of the instabilities in that figure are also visible in Figure 33. The connection 
between them is that the net delivery in Figure 33 is the gas that remains after the consumption 
of gas in the steam boiler.  
 
The effect of the variations is not 100% understandable just by watching the diagrams. For this 
reason also the standard deviation of the variables for each timescale was calculated. This would 
make it possible to get a numerical comparison.  This was made for week 20-28, which was a 
period without big stops. The standard deviations (σ) during week 20-28 are printed in the sub-
plot titles in Figure 33 and Figure 34. 

 

 
Figure 34. Consumption of COG for steam production at the coke oven plant: decomposition using bior3.3 
wavelets  
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The fluctuations for some important users are illustrated in Figure 35. The diagram shows the 
standard deviations calculated for each time scale as described in Figure 33 and Figure 34. 

 
Figure 35. Fluctuations of different wavelengths expressed as standard deviation during week 22-28, (39.5-
47.5 for the lime furnace). 
 
For the net delivery, the variations are of similar magnitude for the different time scales. The one 
hour variations are slightly higher. For the steam boiler the main fluctuations seem to be a week 
or longer. The steel plant in principle shows an equal mix of long and short variations. Lime fur-
nace and flaring have a relatively high amount of short fluctuations. (The reason for the different 
time period for the lime furnace is that it was revamped in the summer and was running with the 
present capacity from the autumn). 
 

4.6.3 Study of Data with a One Minute Sampling Rate 

 
The SSAB EMEA database is saved with a one minute sample rate 54 weeks back in time, which 
allows for also analyzing signal components related to, for example, the emptying of the coke-
oven furnaces that is repeated every 15th minute.  54 weeks of data have been collected from nine 
different sensors, which are described in Table 19. Some different characteristics of these signals 
are shown in a 15 hour overview in Figure 36. A zoomed in shorter time interval in Figure 37 
shows the variations on the 15 minute time scale mentioned above. 
 
Table 19. Signals collected with one minute sampling rate 
Measurement point number Description 
9001 COG flow from coke-oven plant 
9002 COG flow CHP plant mix 
9003 COG flow CHP plant direct fired 
9004 COG flow steel mill 
9006 COG flow brick central 
9007 COG flow Luleå Energi AB 
9008 COG flow lime kiln 
9010 COG flow flare coke-oven plant 
9036 Heating value COG flow from coke-oven plant 
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Figure 36 shows 15 hours of the collected data. 

 
Figure 36. Example plot of 15 hours of the collected data. 
 

 
Figure 37. A zoomed in part of signal no. 9001. 

here are also other time scales of interest in the signals shown in Table 19 and Figure 36. An-
 
T
other tool for finding periodically repeating signal components is the continuous wavelet trans-
form, which can be used to plot how the frequency contents varies with time, as shown in Figure 
38 for the signal 9001. A bright horizontal line indicates a detected periodic signal component 
with period length 207 minutes during the first 145 days of measurement and then increasing up 
to and staying constant at period length 233 minutes during day 215-383 of the measurements. 
The period of 207 minutes at 0.14 days can also be observed in the zoomed in part of the origi-
nal measurement that is plotted in Figure 37, with one period ranging roughly from 65.1 to 65.23 
days.  
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Figure 38. A continuous wavelet transform used for illustrating how the frequency contents of signal nr 
9001 changes with time. 
 
For future studies it is interesting to use minute data and to more carefully choose the time scales 
that are the most interesting ones to decompose the signal into, signals known from the produc-
tion as well as time scales that are domination in plots like Figure 38. 
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5 Discussion 
 
In this section, the results of the study are discussed, starting with the system analysis, economic 
consideration and the gas transient analysis. 
 

5.1 Systems Analysis 
 
The energy efficiency in integrated steelmaking is to a large extent depending on how the surplus 
of process gases is utilized. The possibility to use the steel-plant gases in methanol production 
shows great potential to improve the total gas utilization efficiency from the system. However, 
depending on how the energy recovered from the methanol synthesis is utilized the effect of 
integrating a methanol synthesis to the steel plant system together with the power plant might 
result in high amount of flared gases.  
 
In the reference case (according to 2006 years production) the gas utilization efficiency is 50.7%. 
The flaring of process gases is 392 GWh. In Case A, where surplus of COG and BOFG is util-
ized to methanol production the lowest amount of flaring is achieved. This together with the 
production of methanol results in a high gas utilization efficiency, 63.7% compared to the refer-
ence system. There are significant integration advantages between the methanol synthesis and 
power plant that can be utilized. However, these integration possibilities are also adding restric-
tions on the possible gas used in the power plant in cases B-D. When syngas from biomass gasi-
fication is used together with the COG, COG and BOFG respectively H2 separated from COG 
as in cases B, C respectively D there are significant surplus energies recovered from the methanol 
synthesis. The high amount of district heat produced results in that the power plant cycle is oper-
ated to a large extent as a condensing power plant, reducing the efficiency significantly. However 
the high gas utilization in methanol synthesis counterbalances this resulting in higher total gas 
utilization compared to the reference case. The highest total gas utilization efficiency is achieved 
in case C with 63.9%. However, the flaring of steelwork gases is increasing significantly amount-
ing to 1 160 GWh.  
 
If syngas from biomass gasification should be utilized it is essential to find ways to use the energy 
surplus generated. If the energy integration results in higher flaring of the steelwork gases the 
solution is not favorable. The introduction of biomass results in flaring of energy gases from a 
fossil source. One alternative way of looking at the situation is that a large amount of the intro-
duced biomass is flared. Comparing case A and C this is evident. The introduction of 
2 190 GWh biogas results in increased flaring of 1 029 GWh gases.  
 
Comparing the different cases, the methanol efficiency is highest in Case A resulting in a metha-
nol production to about 90 kton. For the cases with biomass, Case C shows the most interesting 
results. In this case the methanol production volumes, as well as the gas utilization efficiency, are 
the highest despite the high flaring of surplus gas. Due to the high energy recovery from the 
methanol synthesis and the recovery of the energy-rich tail gas from the synthesis, an alternative 
use is needed. In the analysis, for simplicity, this gas was assumed to be utilized in the power 
plant. There are however several other potential ways of utilizing this gas, e.g. in the steel plant or 
for other external users. The case indicates that there are still great potential to improve the gas 
utilization further.  
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In the reference case the gas utilization is calculated to 50.7%. This implies that of the total 
amount of surplus gas available, 50.7 % is transformed into some useful energy (heat and power). 
For Case A, the gas utilization efficiency also includes the conversion into methanol. This results 
in an increase in the efficiency to 63.7%. For Case C, the efficiency is the highest at 63.9% and 
there is a large potential to increase this even further if the surplus gas could be transformed into 
useful energy. 
 
As can be seen in Table 18, the production of methanol in Case A and C is without additional 
coal input to the system. For Case A the production of 90 kton methanol is made on the expense 
of 61 GWh power while in Case C the production of ~300 kton methanol is made with almost 
no expense of power production as shown in Table 18. For Case A the production of methanol 
can be seen as an energy efficiency measure for the system. The methanol is produced without 
additional fossil carbon. Although the feedstock for the production has fossil origin the produc-
tion of methanol should be seen as a result of energy efficiency improvement. Hence it should be 
treated without CO2 debit. 
 
The introduction of biomass in steelmaking is of high importance and is a strategic advantage 
that Sweden has compared to other countries with steel industry. The high availability of forestry 
and high quality iron ore are two important natural resources that Sweden can use to increase its 
competiveness and produce steel with less environmental impact e.g. by producing a biomass-
based reductant for the steel industry. Production of suitable biomass-based materials, e.g. bio 
char, integrated with e.g. methanol as in case C is interesting to analyze. The methanol synthesis 
in case A shows potential to still utilized higher amount of process gases to the power plant. The 
gases formed in the production of a suitable char material might thus be utilized, increasing the 
total conversion efficiency. The integration of a methanol production unit together with biomass 
gasification or only operated on process off-gases will improve the energy efficiency of the com-
bined system. Depending on the system design several options are available. 
 
With more stringent CO2 restrictions, emphasis will be put on minimizing the use of fossil car-
bon and emission of CO2. In the long-term perspective, it can be expected that the today domi-
nating production units will be replaced by new technologies. CCS (carbon capture and storage) 
is, by many, expected to be one of the key technologies for the steel industry to drastically reduce 
its CO2 emission. Within the European research project ULCOS, three of the major break-
through technologies developed, Direct reduction (ULCORED), smelting reduction (HIsarna) 
and the Topgas Recycling Blast Furnace (TGR-BF) apply CCS technique integrated in the sys-
tem. 
 
The steel industry is capital intensive with a large amount of capital invested in the facilities. The 
iron ore based steel production in Sweden is to almost 100% based on the BF technology and it 
can be expected that also future iron ore based steel production will. The TGR-BF process con-
cept as suggested have the advantage of drastically reducing the surplus of BFG due to the recy-
cling of process gases. However this also affects the total energy system. System studies con-
ducted of the process concept (Bergman et al. (2008), Hooey et al. (2011)) shows that the full 
effects of the integration of the TGR-BF is not fully utilized unless the total energy situation is 
taken into consideration. The integration of a methanol production unit, as suggested in case C 
will result in a surplus of energy rich tail gas. In the analyzed system, this tail gas should be used 
somewhere else than in the power plant. In a case without BFG, this would be of great impor-
tance. Further analysis of this case should be conducted.  
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Cases B and C introduce a biomass into the system. The traditional steelmaking system also in-
cludes a rolling mill. In a fully integrated steel plant the energy balance is instead of an energy 
surplus there is an energy deficit in the system. The SSAB EMEA site in Oxelösund used 213 
GWh oil in their heating ovens and power plant (SSAB, 2011). For the rolling mill at SSAB Bor-
länge, 465 GWh oil and 427 GWh propane where used in the heating ovens in 2010 (SSAB, 
2011). Integration of a methanol plant within these systems the tail gas would be replacing pro-
pane or oil which would reduce the global fossil energy use.  
 
The results from this study, analyzing the potential for bio refinery integrated to a steel making 
site, illustrates that there are large synergy effects in this. The potential for the integration differs 
between the different sites and an optimal solution is site specific and need further studies. 
 

5.2 Economic Analysis of Fuels and Markets 
In this section, the fuel market and potential offset and the pricing of the methanol product is 
discussed.  
 

5.2.1 Fuel Market Analysis 

The production cost can be compared to the prices of petrol and diesel, biodiesel (FAME and 
HVO-fuels), biogas and ethanol (100 % and as E85). The Swedish Petroleum and Biofuels Insti-
tute, SPBI, presents statistics about the price development of petrol, which includes a compari-
son of certain related costs development, as well as the brut costs for the oil company. Taxations 
have increased significantly, and also the Brent, crude oil price which at present (April 2012) is at 
about 120 US Dollar (USD) per barrel.  
 
The development has led to petrol and diesel prices in record levels at nearly 16 SEK per liter. If 
the oil price does not decrease the fuel price will most probably increase even further due to a 
higher demand in the summer. Figure 39 shows a diagram that illustrates the average petrol 
pump prices, where the price is calculated with the production cost as FOB for the refined petrol 
at Rotterdam, and the brut margin as estimation by SPBI. The ratio between the cost and the real 
margin is not shown.  
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Figure 39. Development of the petrol pump price (95 octane) during 1990-2011 (SPBI, 2012). 
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Today’s 4.3 million person vehicles in Sweden can be fuelled by petrol and diesel that includes 
5 % ethanol (E5) or 5 % FAME for diesel. Recent development shows that petrol cars are losing 
foothold in the market as diesel cars now represents 60 % of new cars sold. The most important 
reason for this development is that the diesel cars are classified as environmental cars with tax 
and other benefits, and also a high tax rate on fossil fuel in combination with a higher efficiency 
of the diesel motor compared to the petrol motors.  
 
The price of refined petrol and diesel on the north European market dominate the petrol and 
diesel prices on the Swedish market. These prices are called Platt’s prices and govern the pur-
chase price for the oil companies. Platt’s prices are given in USD. This means that the exchange 
rate is an important factor in the price development for fuel. A diagram that shows average oil 
prices is Brent futures for crude oil and is given in Figure 40. It shows a floating average of the 
development of the oil price. At present, the oil price is about 120 USD per barrel (11 April 
2012). In recent months the price has been fluctuating between 100 and 125 USD as illustrated in 
Figure 40. 
 

 
Figure 40. Price development for crude oil from April 2011 until April 2012 (SPBI, 2012). 
 
There is a strong connection between the crude oil price development and the prices of refined 
petrol and diesel. This is due to the fact that the refineries purchase price for raw material is in-
fluenced by an increase in the oil price, which in turn affects the selling price. The crude-oil price 
is governed by the availability and demand in the world market.  
 
However, it is often purchased at predetermined prices, so called “futures”. Hence, it is not only 
the availability and demand of today but also the expectations of tomorrow that sets the prices. 
Politics therefore has a large influence on the crude oil price. When disturbances occur in the 
world the production and transportation of oil might be disrupted. In a situation like that the risk 
is increased that the supply will not meet the demand which yields an increase in the crude oil 
price. 
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The development in the world economy is also an important factor for the development of the 
crude oil price. In good times, larger volumes are consumed, with increasing prices as a conse-
quence. Another important factor is the weather. Oil is pumped from offshore oil platforms and 
large storms in the oceans can affect the production and therefore push the prices upwards.  
 
Finally it is important to note that taxations represent a large part of the petrol and diesel prices 
in Sweden. Energy tax, carbon dioxide tax and value added tax (VAT) constitutes the majority of 
the prices for petrol and diesel. These taxations have historically been increased on a yearly basis.  
 
In conclusion, the most important factor that influencing the competitiveness of biofuels is the 
price of the alternatives, mainly petrol and diesel. This means that the political decisions regard-
ing the taxation of fossil fuels and the crude oil price sets the competitiveness for biofuels. 
 

5.3 Gas Transient Analysis - Distribution between Long and Short fluctua-
tions 

 

This study has shown that there are long as well as short term fluctuations, both in the delivered 
COG and at the present users of COG. A closer look (Figure 35) reveals that the total gas deliv-
ery has a rather high frequency of short wave fluctuations, whereas some user units have a higher 
proportion of more slow variation. Also the flaring, which can be seen as an indicator of system 
instability, shows a relatively high proportion of short term variations. 

Variations with a shorter wavelength than one hour are not visible in this study, which was based 
on logged hourly data. It should be noted, that several processes can be expected to have fluctua-
tions shorter than one hour. As example, the delivery from the coke-oven plant is influenced by 
emptying with approximately 15 minutes sequences, change of gas flow direction in the lime fur-
nace and the ½-hour Cowper sequences etc. This could be an important subject of further stud-
ies. 
 

5.3.1 Effect on Gas Availability 

 
The purpose of the work on gas transients was to study if there are major variations in the gas 
flow that could influence the deliveries to a potential producer of methanol or other liquid fuels. 
In principle, a chemical factory can be expected to need a delivery with predictable and relatively 
constant flow and quality. If there are variations, part of that flow would have to be stored as a 
safety margin and sent to less valuable use. If the longer term variations are predictable they can 
probably be compensated by a good production planning and control system. This decreases 
their impact somewhat. 

The shorter variations can be more difficult to compensate in a control system. Instead they 
could be necessary to compensate with a safety margin. According to Figure 35 the short term 
fluctuations in net delivery from the coke-oven plant have a fluctuation corresponding to a stan-
dard deviation of approximately 0.75 kNm3 per hour. If a safety margin of one or two sigma is 
employed, it might be needed to reserve 0.75-1.5 kNm3 per hour for other use. One solution 
could be buffer capacities in the system, i.e. gas holders. 
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5.3.2 Effect on Gasholders 

 
Presently there are three gasholders in the system, one for COG at the coke plant, one for BOF 
gas at the BOF plant and one for the export gas to the CHP plant. However, the COG holder is 
situated at the coking plant and is only used as safety storage to ensure that there is always gas for 
the under firing. It is not working as a buffer for the delivery to other units. Likewise, the BOF 
gas holder is used as an internal buffer for the BOF plant, to compensate for the batch-wise de-
livery of gas from the converters. The export gases from BOF and BF are mixed in the export 
gas holder. Generally there is a buffer on the total gas delivery, but no specific buffer for deliv-
ered COG. 
 
A possibility to study the importance of the gas holders occurred in 1994 when the export gas 
holder was damaged by an accident and was inoperative until next summer. The failure happened 
in the summer of 1994 and the construction of a new holder started. The upper half of the new 
holder was used provisionally during the winter, and in the spring the new holder was assembled 
and put in production. Also extra effort was made to fortify the manual gas control during the 
period. The CHP plant is fired with gas, but oil is used if the gas is not sufficient. Figure 41 
shows the amount of oil that was used before 1994 and the years before and after. 
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Figure 41. Gasholder failure in 1994 and the effect on oil consumption in the heat and power plant 
 
A heavy increase in oil consumption is seen in 1994 after the incident, and then it decreases 
again. It should however, be noted that the problem remained during spring 1995 until the new 
holder was put in production. Thus an increased consumption could be expected also during that 
year, but this did not occur.  The reason is most likely the increased effort on resources and rou-
tines for gas control. One important conclusion is that a good production control could be as 
important as the buffer capacity. 
 

5.3.3 Measures to Ensure Delivery 

 
In the present system, excess COG is simply sent to the CHP and used together with BF gas. 
The driving force to decrease fluctuations will probably be higher if it is sent as a qualified prod-
uct to a fuel producer. A primary measure could be a further development of the gas control 
system. A specific gas holder could be interesting but is expensive. Mixing stations to ensure that 
each user get the heat value they need, neither more nor less, could improve the availability of the 
high value gases (BOF and COG). 
 
 
 

64 
 



6 Conclusions 
 
The main objective of this project has been to carry out a techno-economic study regarding the 
production of methanol from steelwork off-gases, with and without the involvement of synthesis 
gas from biomass gasification. Another objective has been to use Wavelet-analysis to investigate 
fluctuations in the COG system. 
 
Depending on case, in the range of 98 000- 282 000 tons of methanol can be produced per year 
to costs in the range of 4 450-5 870 SEK per ton under the assumed conditions. Translated to 
petrol equivalents, the range is in between 7.18-9.48 SEK per liter. The lowest production cost is 
found in Case C, while the hydrogen separation case (Case D) results in the highest production 
cost. Case C also has the highest methanol production rate. Additionally Case A, where no bio-
mass synthesis gas is involved, reaches the highest methanol efficiency, above 70%. From an 
energy point of view, Case A may be considered as the most promising production case and 
compared to the current CHP production (reference case 2006), the overall energy efficiency 
increases by 13 percentage points. This is a result of the of the HP steam recovered and utilized 
in the CHP steam cycle. 
 
From a systems analysis perspective the following conclusions can be made: 
 

 Methanol synthesis integrated with the steel plant system show great potential to improve 
the total gas utilization in the steelwork system. 

 The integration effect of a methanol synthesis based on the steelworks gases shows high 
gas utilization together with low flaring of process gases. 

 Integrating biomass gasification will influence the possibility to utilize the steelworks 
gases significantly. The flaring increases drastically, although the total gas utilization effi-
ciency is higher than the reference system with production of heat and power.  

 
The main conclusion is therefore that integrating methanol production in steel mills can be made 
economically feasible and may result in energy efficiency improvements as well as CO2 emission 
reductions. Cases A (no biomass) and Case C (including biomass) are the most interesting pro-
duction cases and deserve further investigations. 
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7 Future Work 

7.1 Value of Methanol 
 
Regarding the pricing of renewable based methanol as an automotive fuel, there is little informa-
tion in the public domain. There is one producer in The Netherlands, BioMCN, which have 
signed agreements with partners. The company Nordic green has signed an agency Agreement 
with BioMCN for the representation and sales of bio-methanol in the Nordic (Denmark, Swe-
den, Norway, Finland and Iceland) and the Baltic (Estonia, Latvia and Lithuania) countries. 
However, the pricing mechanism is difficult to estimate to compete on the market where the tax 
incentives and fuel qualities and products differ. A comparative analysis on the competitiveness 
should be made and the way of introduction to the market, be it a low-blend or a high-blend for 
the fuel market. Moreover, the way of calculating the fossil part is not clarified and how the tax 
exemption should be calculated and regarded for a mixed fuel, and from a waste stream adding 
to the complexity. 
 
The technical properties that should be included in the comparison are, volume and energy den-
sities, higher octane number, branding value, fuel stability, hygroscopicity, fuel impurities, corro-
sion, blending properties, Reid vapour number. In addition there are the environmental benefits 
and performance with comparative emissions in NOx, HC, CO, sulphur, particulate and others.  
 
Methanol has several indirect applications as fuel it can e.g. be transformed into DME or used 
for MTBE production or as raw material in FAME production. There are therefore several uses, 
however, all for the transport fuel sector. There is also the market of methanol as raw material 
for the petrochemical industry, for production of olefin, ethene or other high-value chemical. 
 

7.2 Process Plant Optimization 
  
Regarding the process plant there are optimizations that should be evaluated, such as the addi-
tion of a PSA unit downstream the tail gas to extract the hydrogen and insert it after the WGS 
for higher production of methanol and lower production of off-gas that is burnt for electricity 
and heat production of lower value. Also, a steam turbine could produce power from the surplus 
HP-steam and lower the impact of the Luleå CHP-plant on the amounts of steam produced. All 
this could possibly lower the production cost significantly. An upside of the separated carbon 
dioxide is the possibility for sequestration as it is available in pumpable liquid form. 
 
There are also new developments in e.g. gas cleaning with high temperature carbon dioxide sepa-
ration in contrast to commercial low temperature cleaning. This would potentially save much in 
electricity consumption and also on the investment cost. Moreover, there are several biomass 
drying technologies to explore, where torrefaction is an interesting method to physically change 
the properties facilitating fuel feeding at high pressure and at the same time increasing the spe-
cific energy density. All in all, there are several technology developments and process plant flow 
diagram that would potentially lower capital investment and production costs significantly. 
Therefore, it is a strong recommendation to further continue this research and evaluate the im-
pacts and to find optimal plant size and process design. 
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Lundgren J., Ekbom T., Hulteberg C., Larsson M., Grip C-E., Tunå P., Nilsson L. Methanol 
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