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ABSTRACT  

As society strives to transition for sustainable energy generation is it a major challenge to 

optimize and develop the renewable energy generation that currently exists, both in terms of 

individual components and their interactions in the entire energy system. The generation 

from renewable sources is often irregular and not always when the demand arises. By being 

able to store the excess energy generated and then deliver it when the demand occur results 

in a more sustainable energy system.  

Flow batteries are a possible technology for energy storage. An important component of flow 

batteries are vanadium and to find methods for extracting vanadium in an economical way is 

an important step in the development of this technology. 

The idea behind the thesis was therefore to investigate different extraction methods for 

vanadium where the most promising methods, from an economic and energy perspective, are 

examined in more detail. The vanadium should then be used to electrolyte in flow batteries. It 

has also been examined how the cost is affected by moving a planned facility for extraction 

from the ashes to a developing country with lower personnel costs. In the thesis was also 

included to explore similar projects on a larger scale conducted in Sweden, how the view of 

vanadium is from an EU perspective and how flow batteries can be a part of an energy 

system. 

The methods considered most promising is extraction from mineral mining and extraction 

from ashes. A planned production plant has been dimensioned for both processes of 

production and energy demand is calculated. The study showed that both processes are 

expected to produce vanadium below current purchase price, which would then contribute to 

a cheaper production cost of flow batteries. It turned out that the production of vanadium 

from ash extraction would be significantly reduced by moving the business to a developing 

country. The operation stage in the mining operation which accounts for the highest energy 

demand is the size reduction of the ore. In the extraction process of vanadium from ash, it is 

primarily the fusion furnace and the fly ash filter required which has the highest energy 

demand. The similar extraction projects investigated was, from ashes, the so-called SOTEX 

process in Stenungsund and the mineral mining process had the Ranstad project as 

reference. The EU approach to vanadium is currently that the metal is not classified as a 

critical raw material but if economic instability would occur in any of the major 

manufacturing countries it would be considered as a more critical raw material.  

Flow batteries functioning as energy storage in a PV hybrid system was investigated and it 

was concluded that flow batteries are technically well suited for energy storage in this type of 

system. 

Keywords: Vanadium Redox Flow Battery (VRFB), Vanadium extraction, Investment 

economics, Mineral processing, Ash handling, Sustainable energy system 

Nyckelord: Vanadin Redox Flödesbatteri, Vanadin utvinning, Investeringsekonomi, 

Gruvdrift, Askhantering, Hållbart energisystem 
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SAMMANFATTNING  

Då samhället strävar efter att övergå till en hållbar energiproduktion är det en stor utmaning 

att effektivisera och utveckla den förnyelsebara energiproduktion som idag finns, både när 

det gäller enskilda komponenter och deras samspel i hela energisystem. Produktion från 

förnyelsebara energikällor sker ofta ojämnt och inte alltid när behovet uppstår. Genom att 

kunna lagra den överskottsenergi som produceras och sedan leverera den då behovet uppstår 

medför det till ett mer hållbart energisystem. 

Flödesbatterier är en möjlig teknik för lagring av energi. En viktig komponent i 

flödesbatterierna är vanadin och att hitta metoder för att utvinna vanadin på ett ekonomiskt 

sätt är ett viktigt steg i utvecklingen av denna teknik. 

Idén bakom examensarbetet var därför att kartlägga olika utvinningsmetoder för vanadin där 

de mest lovande metoderna, från ett ekonomiskt och energi perspektiv, undersöks mer 

utförligt. Vanadinet i sin tur ska sedan användas till elektrolyt i flödesbatterier. Det har även 

undersökts hur kostnaden påverkas av att flytta en tänkt anläggning för utvinning ur aska till 

ett utvecklingsland med lägre personalkostnader. I examensarbetet ingick även att undersöka 

liknande projekt i större skala som bedrivits i Sverige, hur synen på vanadin är ur ett EU 

perspektiv samt hur flödesbatterier kan vara en del av ett energisystem. 

De metoder som ansetts mest lovande är utvinning från mineralbrytning samt utvinning ur 

aska. En tänkt produktionsanläggning har dimensionerats för båda processer där 

produktionskostnad och energiförbrukning beräknats. Studien visade att båda processerna 

förväntas kunna producera vanadin under dagens inköpspris vilket då skulle bidra till en 

billigare produktionskostnad för flödesbatterier. Det visade sig att produktionen av vanadin 

ur askutvinning skulle minskas avsevärt genom att flytta verksamheten till ett 

utvecklingsland. Det moment i gruvdriften som står för största energiförbrukningen är 

storleksreduceringen av den malm som bryts. Vid processen för utvinning av vanadin ur aska 

är det främst den smältningsugn samt det filter för flygaska som krävs. De liknande projekt 

som verkat inom utvinning ur aska var den s.k. SOTEX processen i Stenungsund och för 

mineralbrytning har Ranstad projektet undersökts. EU:s syn på vanadin är i nuläget att 

metallen inte klassas som en kritisk råvara men om ekonomisk instabilitet skulle uppstå i 

något av de större tillverkande länderna skulle råvaran klassas som mer kritisk. 

Flödesbatteri fungerande som energilagring i ett förnyelsebart energisystem undersöktes där 

slutsatsen var att flödesbatterier tekniskt sett är mycket väl lämpade som energilagring i 

denna typ av system.
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1 INTRODUCTION  

1.1 Background 

In a time where one tries to reduce carbon dioxide and other greenhouse gases as much as 

possible is it a challenge to find renewable energy and benefit from it as much as possible. 

The problem with many of the new renewable energy sources is that they deliver the most 

when the demand is the least. One way to solve this problem might be to store the energy 

when the production is at its peak and then use it when the need for energy arises. Batteries 

have for many years been storing energy and are evolving every day. 

ABB has developed and studied a special type of battery, flow batteries, which should be 

particularly suited to renewable energy sources such as the sun and wind. Achilles heel of 

flow batteries is the electrolyte containing vanadium. Today vanadium is expensive to buy 

which won’t make it economically viable to start produce flow batteries. Would it be possible 

to bring down the cost of vanadium would the future of this type of flow batteries 

immediately look brighter. 

The thesis is about to locate possible sources were vanadium may be restricted and find out 

which type of process that is required in order to extract it. It is known that vanadium is 

present in fly ash and heavy oil for example. For the source and associated manufacturing 

process that looks the most promising, in a future production purposes, a process system is 

then dimensioned. 

Design and sizing of the system will be done and then investigated economically. The system 

and its components should also be examined from a technical perspective with energy and an 

energy balance of the process from production to final product. 

1.2 Aims and objectives 

Investigate the possibility to extract Vanadium salts from a few different sources and also 

investigate new efficient extraction methods. Select the extraction processes that seem to be 

the best from an economical and energy point of view. Make a factory design were this 

process can be implemented and, if possible, estimate the energy use necessary for the 

process. From the selected extraction source, find examples of real full scale processes that 

have been operating in Sweden. 

Investigate how energy storage, especially from flow batteries, is a part of an energy system 

today and possibly could be in the future. 
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1.3 Demarcation 

The extraction processes will primarily be compared from already published materials and 

conclusions will be from the basis of them. Some practical process dimensioning may also 

occur. The investigated sources of vanadium will be oil, slag and shale. 

The study will focus on the sustainability of vanadium production, former Swedish large-

scale projects, and the global importance of vanadium today.   

1.4 Literature survey 

1.4.1 Energy systems 

More and more countries are beginning to catch up the western world with most 

infrastructure systems, including energy systems. This is in line with some countries that 

were previously economically weak and mainly fed on agriculture, etc. Now, many countries 

have begun to industrialize. In connection with industrialization digitization it has been 

necessary with reliable infrastructure systems in order to conduct serious business. 

One of the challenges the energy companies are facing is that the use of energy is not 

constant over a year or over a day. Electricity generation from nuclear power or combustion 

makes it possible to be more flexible and adjust the generation when the demand occurs. 

Nuclear power was first seen as a reliable and CO2 free energy source but after the accident in 

Three Mile Island in 1979 became nuclear, especially in Sweden, questioned. From the 

referendum held in the subject 1980, it was decided to phase out the Swedish nuclear power 

until 2010. The more recent nuclear accident in Fukushima, Japan in 2011 have not increased 

nuclear popularity in Sweden or worldwide. An extreme example is Germany which decided 

to phase out its nuclear power within a few years.(Wiberg et al., 2011) 

Electricity producing plants with different types of combustion has also the benefit that they 

can be flexible in their production. Here one can distinguish between the combustion of CO2 

neutral fuel and fuels that aren’t. The fuels that aren’t CO2 neutral are dominating worldwide. 

The electricity productions from renewable sources are used increasingly but have the 

problem of uneven production.(Alotto et al., 2014) In some distant places where it is not 

economically viable to extend the grid it could be well suited with renewable electricity 

production. Hybrid systems are commonly used due to the uncertainty of the renewable 

production methods. Batteries and above all, flow batteries are ideal for the purpose. 

Competing sources are here, for example, diesel generators or fuel cells. Compared with a 

diesel generator the flow battery is quieter and do not have to be refuelled. One advantage 

compared to the fuel cell is also that one does not have to "refuel".(Erdinc and Uzunoglu, 

2012) Several of the features required by todays and tomorrow's energy system is sub 

features of what one often term Energy management. Besides peak shaving, features like load 

leveling, load following and charge/discharge cycles on the long timescale (min–h) falls in to 

this category. These qualities for vanadium redox flow batteries are also stated in the report 
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by Leung et al. (2012). For an energy system to be technically competitive and economically 

convenient the feature of charge/discharge cycles together with a long lifetime is of great 

importance. According to Alotto et al. (2014), who is comparing several energy storage 

systems, flow batteries satisfies those requirements very well.(Leung et al., 2012, Shibata et 

al., 2013, Alotto et al., 2014) 

It is not only in small systems a flow battery can be applied but also in a wider context. The 

major energy suppliers have as known a changing need during the day. Energy storage and 

then possibly flow batteries can be used for peak shaving in this context. 

 

Figure 1: Daily energy demand(Dumancic, 2011) 

In Figure 1 above it is possible to see some peak periods during a day. Due to this one must 

plan production and possibly have access to larger production units. 

 

Figure 2: Peak shaving by an energy storage system(Dumancic, 2011) 

As can be seen from Figure 2 by using an energy storage system, a more even production can 

be held and one could also store a reserve which may be useful for unexpectedly high 

consumption. An advantage with keeping a steady production is that it is possible to adjust 

the production units more optimally with the effect of a higher efficiency.(Dumancic, 2011) 

An article that extra highlights the importance of energy storage for the renewable energy 

technologies are Battery energy storage technology for power systems—An overview by Divya 

and Østergaard (2009). Here, the author’s analyses the electricity production in Denmark, 
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which in 2007 consisted of approximately 20% wind power. In Denmark, the goal from the 

government is to increase this share to 50% in 2025. For this to be possible, according to the 

author, effective energy storage is necessary. The authors are here mentioning flow batteries 

as a possible solution. In addition to the different energy storage methods it is also 

mentioned that a good control and power conditioning system is necessary for the interaction 

between direct consumption and storage. Another article, Emergence of energy storage 

technologies as the solution for reliable operation of smart power systems: A review by 

Koohi-Kamali et al. (2013) is on the same track as Divya and Østergaard.  The authors are 

here indicating that our modern life style make us increasingly dependent on smart grids. 

This is due to that an increasing part of everyday life include some type of use of electronic 

devices. With the smart networks will also new challenges appear that were not previously 

present. For smart grids to be possible today the authors states that energy storage is a 

necessity.(Saravanan and Thangavel, 2014) The function of the storage systems are to relief 

the consequences followed by, for example, abrupt changes in load, rapidly damping 

oscillations and interrupting transmission. The main reason to avoid oscillations is since they 

results in damage on motors and generators. The authors emphasizes the importance of that 

a backup system responds quickly. This is to prevent oscillation. Flow batteries are held up 

here along with a few other solutions as a particularly suitable storage type. Flow batteries 

also pointed out to be very well suitable as operating reserves.(Alotto et al., 2014, Shibata et 

al., 2013) With operating reserves in this context, means the generating capacity which 

within a short period of time, can be injected to the system by an operator controlling the 

system. Peter Görbe et al. (2012) also agree with the reasoning that the properties of flow 

batteries are well suited for smart grids. The authors allege that a smart grid powered by 

renewable energy and effective storage would meet the majority of the local energy demand. 

1.4.2 Flow Batteries 

A flow battery is a type of battery, able to recharge thanks to the technique were electro active 

species converts to electricity by flowing through an electrochemical cell. There are several 

different types of flow batteries with different properties like maximum cell voltage and 

power density.(Dumancic, 2011) 

Vanadium redox (reduction-oxidation) flow battery, VRFB, is a type of flow battery using the 

substance Vanadium as electrolyte. The VRFB:s are increasingly used in green technology 

applications were the main advantage is the almost unlimited capacity due to the large 

storage tanks.  A flow chart of the main components for a flow battery is illustrated in Figure 

3. 
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Figure 3: Flow chart for the VRFB process(Dumancic, 2011) 

1.4.2.1 The Membrane 

The working principle of a VRFB can be seen in the figure above. In the middle of the 

assembly is the exchange membrane. The purpose of the membrane is to separate the 

electrolyte in the two tanks and still enable ionic transport. The physical properties of the 

membrane need to manage to withstand the high tension of the battery construction. It also 

needs to be chemically and electrochemically stable against electrode and electrolyte. 

One of the main tasks when choosing a membrane for a flow battery is to find a membrane 

that is letting through as small amount of hydrogen ions as possible. The problem with 

hydrogen ions passing through is that the capacity of the battery decreases. It is possible to 

optimize the working conditions of a battery cell by adjusting the operation conditions. The 

parameter that is necessary to know when optimizing the working conditions is the diffusion 

coefficient of the vanadium ions.(Larsson and Andersson, 2012) 

Testing and research in the area of diffusion coefficient of the vanadium ions for Nafion 

membranes is not a well investigated area. A study that is treating the subject is the one 

presented by Larsson and Andersson (2012). In the study two Nafion membranes of different 

thickness are tested. The thickness is 0.09 and 0.125 mm. The conclusion of the membrane 

testing is that they work fine for this purpose, although the pH value is really low in the 

mixtures.(Larsson and Andersson, 2012) 



 6   

1.4.2.2 The Electrolyte 

The tanks outside the cell is containing, the already mentioned, electrolyte. On each side of 

the membrane is a positively and a negatively charged electrolyte. The electrolyte is the 

energy carrier of the cell.(Dumancic, 2011) 

The reactions occurring in the electrolyte will be explained further under working principle. 

1.4.2.3 The Electrode 

The electrode in an electrochemical cell is an electrical conductor used to make contact to 

non-metallically materials in a circuit. Construction criteria’s of the electrode and adjacent 

components for a vanadium flow battery is presented by Larsson and Andersson (2012). The 

authors concluded that a graphite felt should be used in the module to maximize the 

electrode surface and minimize the distance between the graphite, and the electrolyte 

membrane. (Dumancic, 2011) 

1.4.2.4 Working principle 

In a vanadium redox flow battery is there during charge and discharge occurring oxidation 

and reduction of electrons. The meaning of redox is just that, oxidation and reduction that 

occur at the same time. Vanadium may exist in four different oxidation states. 𝑉2+,𝑉3+,𝑉4+ 

and  𝑉5+. 

Oxidation means that a substance emits an electron. This will give the substance a positive 

charge. Electrons cannot exist freely but requires another substance that may absorb the 

electrons. The process of absorbing the electron is referred to as reduction.(Randahl et al., 

1997) 
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Figure 4: Charge and discharge in a vanadium redox flow battery(Dumancic, 2011) 

The flow battery has two operation modes, charge and discharge. During the charge will the 

positive electrode be the anode and the negative electrode is the cathode. At the positive side 

will 𝑉4+ oxidize one electron and become 𝑉5+. The oxidized electron will go through the 

circuit and be reduced by 𝑉3+ who becomes 𝑉2+. The reaction at the cathode will then be: 

𝑉4+ − 𝑒− ↔ 𝑉5+ 

Formula 1 

𝑉3+ + 𝑒− ↔ 𝑉2+ 

Formula 2 

During the discharge is the flow reversed. 𝑉4+ that during the charge was oxidizing will now 

redact an electron. The electron that was oxidized from 𝑉2+will go through the circuit and 

cause current. The reaction can be seen in Formula 1 above. 

In reality will not the vanadium ions be free in the electrolyte. They are together with oxygen 

forming Vanadium oxides. The reaction in Formula 1 will in fact be: 

𝑉𝑂2+ + 𝐻2𝑂 − 𝑒− ↔ 𝑉𝑂2
+ + 2𝐻+ 

Formula 3 

Where 𝐻+ represents the protons, O is the oxygen molecule and 𝐻2𝑂 is the water molecule. 

Since the water molecule and the proton won’t take part in the electrochemical reaction, will 

the reaction at the anode stay as in Formula 2. The reactions described above are illustrated 
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in Figure 4 above. Combining the reaction for both the cathode and the anode will result in 

following equation: 

𝑉𝑂2
+ + 2𝐻+ + 𝑉2+ ↔ 𝑉𝑂2+ + 𝐻2𝑂 − 𝑉3+ 

Formula 4 

This means that if the Vanadium redox flow battery is fully charged, will the electrolyte only 

contain the ions of the right side in Formula 4. 

1.4.2.5 Flow Batteries Today and Tomorrow 

As the Earth's population increases while increasing demands for higher living standards, the 

global energy demand increases each day. The way to solve this is to decrease our 

consumption or to produce more heat and electricity.(Vassileva et al., 2012) A reaction from 

the European Commission in order to lowering the energy demand was to adopt the so called 

20/20/20 Climate strategy. This was done in 2009 were the focus was in the fields of 

emission cuts, renewable energy and energy efficiency. The three key objectives for this 

strategy for 2020 are: A 20% reduction in EU greenhouse gas emissions from 1990 levels; 

Raising the share of EU energy demand produced from renewable resources to 20%; A 20% 

improvement in the EU's energy efficiency.(Europeiska Kommissionen, 2010)  

The consumption can be decreased in two ways. One is to invent more energy efficient 

products and controlling systems. This could be everything from a more efficient combustion 

engine in cars to motion detectors in bathrooms. Progress is made every day in this area 

which is extra significant in developed countries. A draw back here is that new technology 

most often comes with high investment costs. A trend today, with uncertain markets, is to 

think short term which may cause one to buy a slightly cheaper product and / or system with 

a cheaper investment cost, but in the long run has a higher energy demand and the 

summarized total cost will be higher. Another way is to decrease the living standards. It is 

something that is easier said than done. Basically everything in one’s daily life is available 

through a click on the computer and if one would like to, leave home would not be a 

necessity. 

The global electricity production increases every day where the non-developed countries 

account for the majority of the new establishments. Even if a lot research is invested in 

renewable energy so are a lot of nuclear plants and power plants based on the use of fossil 

fuels built. Only in China are 28 new nuclear reactors in process(Olsson, 2011). Germany, 

who decided to cut down of the nuclear power after the disaster in Fukushima 2011, are for 

the moment planning to build coal and gas power production of 24 000 MW. Almost the 

whole production capacity of Sweden(Fagerström, 2012). 

The major problem with renewable energy is that supply is generally highest when the 

demand is the lowest and vice versa. If the energy obtained from renewable energy sources 

could be stored in an efficient way, would the renewable sources compete in a different 

manner. Flow batteries can be left discharged for long periods with no negative effects which 

make them very suitable for many renewable sources since they often are 
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intermittent.(Polyak, 2012, Larsson and Ståhl, 2012, Liyu et al., 2011) The Achilles heel for 

flow batteries is the electrolyte cost, in this case, the cost of vanadium. Today the vanadium 

account for about 70 % of the total cost of a vanadium flow battery(Dahlquist, 2013). If the 

cost of vanadium could be decreased it would have a great impact on the total flow battery 

cost and possibly make it economically viable. 

If the production of flow batteries could be economically viable in the future, would probably 

the demand be high because of the number of applications. The flow batteries could for 

example be used by house owners and their own small scale electricity production. Would it 

be possible to store the produced energy more efficient then today, could the technique 

compete against large-scale electricity production economically.(Díaz-González et al., 2012) 

The problem of high cost is also mentioned by Leung et al. Along with the efficiency, as the 

most important quality to focus on when it comes to large-scale energy storage. For small-

scale storage is of course the cost and efficiency also of great importance, but here is also 

mentioned the energy density as a problem. With the low energy density the battery volume 

must increase, which makes them impractical for some applications with limited space, such 

as cars.(Leung et al., 2012) 

1.4.3 Vanadium 

1.4.3.1 History 

Vanadium was discovered first in 1801 by Andres Manuel Del Rio, a professor in mineralogy 

at the School of Mines in Mexico City. Del Rio first named the new element to erythronium, 

which in Greek means red. This because of the red colour imparted by its salt when treated 

with acids. Later, Del Rio became uncertain about the discovery and thought that he only was 

dealing with a basic lead chromate. He shared he’s concern with a French chemist that 

confirmed his concern.(Gupta and Krishnamurthy, 1992) 

The Swedish chemist Nils Gabriel Sefström rediscovered vanadium in the 1830’s. It was 

produced from the ore in Taberg, located in southern Sweden. Sefström named it after the 

beauty goddess Vanadis in the Nordic mythology. This because its solutions produced such 

beautiful colour.(Randahl et al., 1997) 

1.4.3.2 Characteristics 

Vanadium (V) has 23 as its atomic number and belongs to group number five in the periodic 

system. In nature vanadium is a mix between two isotopes, 50V and 51V. The most common 

oxidation states are +3, +4 and +5. These properties along with boiling and melting point are 

summarized in Table 1. The most stable isotopes is +4 which appears as vanadium ion 

VO2+.(Randahl et al., 1997) 
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Table 1: Chemical and physical properties of vanadium(Randahl et al., 1997) 

Atomic number Atomic weight Melting point °C Boiling point °C Oxidation number 

23 51 1 890 3 380 +2, +3, +4, +5 
 

Depending of the oxidation state, the different solutions changes colour. This is illustrated in 

Table 2 and Figure 5 below which also demonstrates the standard electrode potential. 

Table 2: Change in colour with oxidation states of V(Chandra, 2006) 

Ion VO-
3 VO2+ V3+ V2+ 

  metavandate       

Oxidation state V IV III II 

Colour Pale yellow Blue Green Violet 

 

V(OH) VO V V V
+

4

2+ 3+ 2+

+V +IV +III +II 0

+1.0 +0.34 -0.26 -1.18

 

Figure 5: Oxidation states of V(Chandra, 2006) 

1.4.3.3 Existents 

Vanadium is one of the most common metals in the earth crust and occurs in about 65 

different minerals. High levels of vanadium are also present in oil, coal and iron 

ores.(Randahl et al., 1997) The total quantity of contained vanadium sources in the world are 

estimated to about 56 million tonnes of metal(Gupta and Krishnamurthy, 1992). The known 

vanadium reserves are shown in the following table: 
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Table 3: World vanadium reserves(Gupta and Krishnamurthy, 1992) 

Country Reserves[kt] 

Australia 30 

Chile 15 

Finland 30 

India 10 

China 610 

Republic of South Africa 865 

USA 170 

USSR* 2 635 

Venezuela 10 

* USSR: Countries that today make up Armenia, Azerbaijan, 
Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, 
Lithuania, Moldova, Russia, Tajikistan, Turkmenistan, Ukraine, 
and Uzbekistan. 

 

The world reserve of vanadium is almost exclusively distributed into four major types of 

deposits. Titaniferous magnitites and phosphorite and phosphatic shale deposits corresponds 

to about 85 % of the total vanadium deposit types. A compilation of the major vanadium 

deposits is shown in Figure 6. 

 

Figure 6: Distribution of world sources of vanadium in major deposit types(Gupta and 
Krishnamurthy, 1992) 

 

Oil 

The vanadium concentration in crude oil can contain up to about 1.4 g/kg and the 

corresponding number for fuel oil is 53 mg/kg. By the combustion of oil can the subsequent 

fly ash contain high levels of extractable vanadium. When burning fuel in the furnace, two 

types of ashes is produced. The boiler ash, that is produced directly within the furnace and 

Major deposit types 

Minette type and massive low
titanium iron ores and others (3.6
Mt.)

Crude petrolium, tar sands (4.9
Mt.)

Titaniferous magnetites,
magnetite-ilmenite ores and
titaniferous iron sands (25.9 Mt.)

Phosphorite or phosphatic shale
(21.9 Mt.)
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the fly ash that is deposited between the radiant from the electrostatic precipitators. The 

major components of both ashes are different type of metals where vanadium is one of them. 

Except the metals carbon is also a major component. From a combustion process the amount 

of fly ash produced is greater than that of the boiler ash but the boiler ash has normally 

higher vanadium content (4.4-19.2%).(Gupta and Krishnamurthy, 1992) 

Table 4: Vanadium content in oil fly ash A, B, C, D and orimulsion fly ash(Vitolo et al., 2000, Vitolo 
et al., 2001) 

  Oil fly ashes Orimulsion 

Compositions (wt.%) A B C D fly ash 

V(d.b.) 2.6 3.3 1.3 3.8 11.7 
 

The table above shows examples of the vanadium content from four oil fly ashes and one 

orimulsion fly ash. As can be seen in the table is it a relatively high variation of vanadium 

content. This variation may for example depend on the vanadium content of the oil that 

combusted or on combustion conditions. 

Carbonaceous shale 

Carbonaceous shale is only mined in a few countries in the world where China is the biggest 

producer. In the year of 2011 was 606 million tons mined around the world were China stood 

for about 563 million tons.(EIA, 2012) Carbonaceous shale can contain a high level of 

extractable vanadium, up to 700 g/kg.(Randahl et al., 1997) 

Slag 

Slag used for vanadium extraction is normally a by-product from ore mining. The content of 

vanadium in slag varies depending on the ore and how the iron production is made. Ore is 

mined in many parts of the world, not to forget in Sweden.  

A table describing the vanadium content of different slags can be found the Appendix 1. 

An overview of location, geologic type of deposit, recoverable elements and grade of V2O5 % 

for the world primary vanadium sources are found in Appendix 2. 

China, Russia and South Africa are the leading vanadium producing countries, which is 

shown in the table below: 

  



 13   

Table 5: Estimated vanadium world production by country in metric tons(Polyak, 2012) 

Country 2 007 2 008 2 009 2 010 2 011 

Production from ores, concentrates, slag           

China 19 000 20 000 21 000 22 000 23 000 

Kazakhstan 1 000 1 000 1 000 1 000 1 000 

Russia 14 500 14 500 14 500 15 000 15 200 

South Africa 23 486 20 295 14 353 22 606 22 000 

United States - 520 230 1 060 590 

Total 58 000 56 300 51 100 61 700 61 800 

Petroleum residues, as spent catalysts, Japan 560 560 560 560 560 

Grand Total 58 500 56 900 51 600 62 200 62 400 
 

1.4.3.4 Price 

The annual European average price for domestic compound of V2O5 ranged from 13.856 to 

13.968 $/kg in 2010 and 14.469 to 15.344 $/kg in 2011. Corresponding figures for FeV 

compound was in 2010 29.811 to 30.817 $/kg and 28.533 to 29.273 $/kg.(Polyak, 2012) The 

price of vanadium metal was in 2010 33.069 $/kg.(P & E Mining consultants inc. et al., 2010) 

1.4.3.5 Environmental Aspects 

Vanadium as environmental pollution is most evident in pollutions from heat and power 

plants which uses fossil fuels. Pollutions from the steel industry are also significant.  

Soil 

Vanadium (4) is the most common form in soil where it can replace iron and also be 

absorbed into iron oxides. The main contributions of vanadium to the soil layer occur 

through weathering of minerals containing vanadium. The vanadium concentration in soil is 

varying from a few mg/kg up to about 400 mg/kg of soil exposed to fly ash.(Randahl et al., 

1997) 

Water 

The concentration of vanadium in fresh water depends on how much that the surrounding 

bedrock has leaked out. Only about 10 % occur in dissolved form and the rest is usually in 

suspension or adsorbed to colloidal particles. The normal concentration of vanadium in fresh 

water varies from 0.2 to 100 µg V/L. (Randahl et al., 1997) 

Air 

The most common sources for vanadium emissions into air are, as already mentioned, from 

combustion of fossil fuels. The concentration of vanadium in air is normally higher in highly 

populated areas due to higher combustion sources. It is also quite obvious that the 
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concentration is higher during the colder months of the year. Normal concentrations in air 

are 20 to 100 ng V/m3.(Randahl et al., 1997) 

Toxicity 

In dissolved form vanadium belongs to one of the more toxic metals to plants with observed 

phytotoxic effects. Normally is phytotoxic effects noted from a level of about 0.5 mg soluble V 

/ L, but with observed toxic effects at concentrations of 0.05 mg V / L nutrient solution for 

particularly sensitive plants such as salad. Vanadium is not considered an essential element 

for higher plants. Randahl et al. (1997) explains that no data suggests that the general 

population risk adverse health effects due to exposure to vanadium in the load levels that 

prevail today. However, it has been found that high loads via inhalation of vanadium-dust 

(vanadium pentoxide) in the work environment have proved detrimental. The guideline set 

by the WHO (1987) is 1 µg/m3(Randahl et al., 1997). In animal studies it has been shown that 

vanadium affects male fertility and fetal development. 

1.4.4 Source processing 

Vanadium extracted from the major raw materials is shown in Figure 6. As can be seen, V2O5 

is the product but it is also common to extract vanadium in the form of FeV and Al-V-

alloy.(Ye and Jernkontoret, 2006) 

As mentioned in the previous section, the world reserves of vanadium are large. Despite this, 

vanadium is rarely recovered as the main product. The reason for this is that the 

concentration of vanadium in its reserves is so low that to make it economical viable, the 

vanadium extraction needs to be a co- or by-product. If vanadium is extracted as a co- or by-

product, the profit of the main product supports the cost of extraction. Since the main 

product carries the larger fraction of the overall cost burden, the vanadium extraction is very 

dependent of the market price of the main product. If the market price of the main product 

reaches too low level the vanadium extraction might be uneconomical. This scenario has 

occurred when uranium-vanadium ores and base metal vanadate has served as the main 

extraction source.(Gupta and Krishnamurthy, 1992) 
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Flyash

Alkali leaching

Water/Alkali/Acid leaching

Solution purification
- solvent extraction

- ion exchange

Acid leaching

V-Bearing magnetite concentrate V-slag Other V-bearing materials

Salt roasting

V2O5 precipitation
 

Figure 7: Flow sheet of vanadium extraction(Ye and Jernkontoret, 2006) 

1.4.4.1 Salt Roasting 

The reason why salt roasting is performed on refractory metal ores is to make the metal 

values water-soluble. The metal is converted to an oxidic anion of its maximum valence state. 

Gupta et al. treats roasting with a source of sodium. Under oxidizing conditions is vanadium 

bearing feed materials converted to a sodium salt. Water is then used to leach the soluble 

vanadium values from the roasted material and insoluble vanadium compounds are then 

precipitated and separated. 

In order to produce a water soluble, pentavalent vanadate, both oxidation and reaction with 

its salt is necessary since the vanadium often is present in a reduced state. The products from 

this reaction are sodium metavanadate (NaVO3) and hydrochloric acid. This reaction is 

producing sodium metavanadate slower than if water is present. Gupta et al. is also 

mentioning a process for prolonged salt roasting were sodium pyrovanadate (Na4V2O7) is the 

resulting product. The sodium pyrovanadate formation requires more salt and is also quite 

water soluble. The author is also mentioning sodium hexavanadate (Na4V6O17) and sodium 

orthovanadate (Na3VO4). Sodium vanadates with a sodium-vanadium mole ratio less than 

one may be the result of insufficient salt. Water-insoluble compounds, bronzes, will be 

formed which is not desirable. 

The sodium used as roast reagent comes from a source containing sodium sulfate, sodium 

chloride, sodium carbonate or sodium bicarbonate.  

When vanadium recovery is performed from a salt roasting operation the main problem is 

that side reactions of sodium compounds and other constitutes in the ores are taking place. 

The efficiency of recovered vanadium from a salt roast is usually from 70 to 80 %. During the 

roasting with sodium chlorine are temperatures between 800 to 900°C common. Sodium 
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chlorine, according to the author, is the cheapest source of sodium. Using other sodium roast 

reagents normally requires higher temperatures. For example, sodium carbonate requires a 

temperature between 900 to 1200°C and sodium sulphate requires a temperature between 

1200 to 1230°C during roasting.(Gupta and Krishnamurthy, 1992) 

1.4.4.2 Leaching 

Leaching is a method of dissolution where different types of leaching occur in order to obtain 

the vanadium. Gupta and Krishnamurthy (1992) describes five methods that also will be 

explained in this report. 

Water leaching of salt roasted vanadium ore is according to the authors, the most commonly 

used industrial method. The water leaching solution takes up the soluble sodium vanadate, 

which is a product from salt roasting of vanadium in the ore. Slow air cooling of the salt 

roasted ore is often performed in order to disintegrate the clinkers before leaching. A 

problem here is that back reactions can occur with the result of insoluble vanadium 

compounds. One often quench the roasted ore in water and then lightly ground it to avoid 

this problem. It is thou more convenient to apply air cooling then water quenching. A normal 

result of obtained vanadium in the solution is between 65 to 85%.(Gupta and Krishnamurthy, 

1992) 

Acid leaching is the type of leaching used when the vanadium values are present as water 

insoluble compounds and the target is to solubilize the compounds. The compounds can for 

example be magnesium, iron vanadate and calcium. Sulfuric acid solution is normally used in 

the acid leaching where it decomposes the vanadium compounds which dissolve the 

vanadium. Compared to water leaching, more than 10 to 15% vanadium is dissolved during 

uranium-vanadium ore processing. H2SO4 is the acid most frequently used for acid leaching 

and HCl is a common additive. Gupta and Krishnamurthy (1992) describes acid leaching as a 

non-selective, but still effective process which normally obtains an impure vanadium bearing 

solution. 

Alkaline leaching of salt roasted material are performed using a lixiviant consisting of sodium 

bicarbonate, sodium carbonate or sodium hydroxide solution. In the case of uranium-

vanadium treatment, sodium carbonate is most common. In the solution both uranium and 

vanadium will be present. By carbonate leaching about 75 to 85% uranium and 70 to 80% 

vanadium will enter the solution from the roasted material. It is one specific advantage that 

comes with the sodium carbonate leaching, both for this approach and when treating 

magnetite feed materials containing high amounts of lime. When the starting material is 

containing high amount of lime water insoluble calcium vanadates will come into existence. 

The sodium carbonate leaching causes conversion of the calcium vanadate to calcium 

carbonate and will thereby release the soluble vanadate ion.(Gupta and Krishnamurthy, 

1992) 

Direct acid leaching of raw vanadium source materials is primarily used for processing of 

uranium-vanadium ores. It is also, however less, used for processing of sources like fly ash, 

boiler residues and spent catalysts. Before leaching is normally the raw ore grinded since it 
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allows access for the lixivant to contact and liberate the vanadium and uranium from the 

source. The vanadium is less soluble than uranium and to extract the same amount of 

vanadium as uranium is about three to eight times as much acid needed. According to Gupta 

and Krishnamurthy (1992) is 20 to 60 kg of H2SO4 per ton ore adequate for uranium 

extraction. During the leaching is not only uranium and vanadium attacked but also many 

other ore constitutes which results in a low grade solution. For petroleum ashes leaching has 

both hydrochloric and sulfuric acids been used for dissolution. The strong acid solutions are 

effective to solubilize different valences states of vanadium in the ashes. The ashes containing 

significant amounts of ammonium sulfate or high silica and alumina contents are shown to 

not respond as effective to acid leaching. The execution of sulfuric acid leaching by ore is 

normally performed in two stages. In both stages are agitated tanks used and the solution is 

heated up by injection, to required temperature. After the first step of leaching is the 

uranium-vanadium bearing solution separated from the solids by thickeners and classifiers. 

In connection to the separation is the pregnant liquor moved out from the circuit.  In the 

second stage are fresh acids and oxidants added to the solution. The main advantages with 

two step leaching are a higher uranium-vanadium recovery and savings of the reagent. 

Direct alkali leaching of vanadium sources has the advantage of high selectivity but is not as 

effective as the acid leaching process. Alkali leaching has been used for large scale uranium-

vanadium processing and normally is high pressure and/or higher temperatures involved in 

order to obtain a vanadium solution that is fit for use. When treating uranium-vanadium ores 

with a high lime content the acid leaching, as earlier mentioned, could be relatively high and 

thereby expensive. Alkaline leaching by carbonate is more cost effective for this area where 

the uranium and vanadium, dissolves from the carnotite. For leaching in the silicate and 

oxide type minerals will the alkaline leaching by carbonate be less effective. By using a 

solution containing of carbonate-bicarbonate the uranium extraction increase but the 

vanadium extraction will still be low. To solubilize both uranium and vanadium, an autoclave 

or pachuca tank is used.(Gupta and Krishnamurthy, 1992) 

1.4.4.3 Solvent Extraction 

Solutions which have been used as feed solutions to solvent extraction and is containing 

vanadium may be basic, acidic or neutral. When acid or alkali leaching has been applied 

normally a basic or acidic solution is produced. A neutral solution is often the result from 

water leaching of salt roast calcines. An advantage of the solvent extraction is that it makes it 

possible to recover vanadium from impure and lean solutions. Molybdenum, iron and 

chromium are examples of impurities that are common in this context. For vanadium 

solution purification many extactants have been used, even though most of them in 

laboratory scale studies. Di(2ethylhexyl)phosphoric acid (D2EHPA) and amines are, 

however, extractants used in plant operations. D2EHPA extracts vanadium cations in the 

form of VO+2 (four valiant) or VO2+ (five valiant). It is, however, established that D2EHPA 

extracts vanadium (4) more strongly and that the extraction coefficient is higher.  This is of 

course an advantage in a practical process.(Gupta and Krishnamurthy, 1992, Vitolo et al., 

2000) 
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𝑛𝑉𝑜+2 + 𝑚(𝐻𝐴)2(𝑜𝑟𝑔) = (𝑉𝑂)𝑛(𝐴)2𝑛(𝐻𝐴)2(𝑚−𝑛) + 2𝑛𝐻+ 

Formula 5 

Where HA stands for D2EHPA. From Formula 5 it is possible to see that with an increase of 

pH and reagent concentration also an increase will occur of vanadium extraction. For a 

practical process, the author suggests a pH of about 2 and a D2EHPA concentration between 

0.2 and 0.4 M. For these conditions also iron(3) will be extracted. The feed solution is 

therefore treated to reduce Fe(3) to non-extractable Fe(2). Sodium sulfide, sodium 

hydrosulfide or iron are examples of adequate chemical compounds for the reduction 

treatment. Vanadium (5) will, moreover, be reduced to Vanadium (4) by the treatment. 

Uranium barren solutions are also a possible source of vanadium recovery by D2EHPA. This 

type of solution often includes molybdenum which comes from the processing. If decreasing 

the pH below 2, the vanadium extraction coefficient decreases sharply. The molybdenum 

coefficient on the other hand decreases more gently. By lowering the pH, molybdenum may 

then be extracted from the solution. Another way of separating molybdenum from vanadium 

is by stripping. Mineral bases and acids, for example sulfuric acid, are most often used for 

vanadium stripping by D2EHPA. This reaction works in the opposite way as the extraction 

reaction in Formula 5.(Gupta and Krishnamurthy, 1992, Vitolo et al., 2000) 

Amines can extract vanadium from acid as well as from alkaline media. This makes the 

amines a more flexible extraction media than the D2EHPA. Among the different amines, 

quaternary and tertiary are more effectively used where a reaction of the latter are shown in 

Formula 6. 

𝐻2𝑉10𝑂28
−4 + 4𝑅3𝑁−𝐻𝑆𝑂4

−𝐻 = 4𝑅3𝑁−𝐻2𝑉12𝑂28

−𝐻 + 4𝐻𝑆𝑂4
− 

Formula 6 

It is concluded from different studies, in the amine extraction area, that the extraction 

efficiency varies depending of the pH. In the pH range of 2 to 3 will for example tertiary 

amines extract more efficient than quaternary amines. In Figure 8 on the next page will the 

vanadium extraction percentage as a function of the pH be shown. In the figure are the 

tertiary amines referred to as “Alamine 336” and the quaternary are referred to “Aliquat 

336”.(Gupta and Krishnamurthy, 1992) 



 19   

 

Figure 8: Extraction behaviour of tertiary and quaternary amine as a function of pH. Reproduced 
with permission from Gupta and Krishnamurthy (1992) 

The vanadium extraction is most efficient for the quaternary amines between pH 5 to 9.5. 

From the figure it is possible to see that for a low pH is the curve for tertiary amines more 

sensible than that of the quaternary. A benefit for the Aliquat 336 is that impurities are 

separated more flexible, this because of the ability of extracting vanadium from basic and 

acid solutions. In a practical process when using amines for vanadium extraction, it is 

necessary to keep a short contact time between the vanadium bearing solution and the amine 

extractants. The reason for this is that the valent state of vanadium tends to oxidize the 

amines.(Randahl et al., 1997, Gupta and Krishnamurthy, 1992) 

Vanadium stripped from amine solvent using ammoniacal solutions is the next method 

explained by the author. The stripping with ammoniacal ammonium salt converts 

decavanadate into metavanadate species. Crystallization of the ammonium metavanadate 

will result due to its low aqueous solubility. The vanadium will remain as a decavanadate ion 

when stripping with a slightly acidic solution. The decavanadate has a higher solubility than 

metavanadate which permits highly enriched vanadium in the strip solution. By adding 

ammonia in order to raise the pH and speed up the conversion, decavanatate is converted to 

metavanadate. Impurities like silicon and phosphorus are sometimes coextracted during the 

conversion process, these may be removed by filtration.(Gupta and Krishnamurthy, 1992) 

The flow sheet from a solvent extraction process is illustrated in the following figure: 
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Figure 9: Flow sheet of a solvent extraction process.  Reproduced with permission from Gupta and 
Krishnamurthy (1992) 

1.4.4.4 Ion Exchange 

Ion exchange is also a separation method, even though, not as applied for vanadium 

extraction as solvent extraction. Gupta et al. describes a process where concentrated sulfuric 

acid is used to dissolve ore. In this example is Amberlite IRA-400 resin used in an anion- 

exchange process in order to remove uranium from the leach liquor. Except uranium the 

leach is containing several impurities and 4-5 g V2O5/L. The uranium barren liquor is then 

heated up 50 °C while adding some sodium chlorate in order for the vanadium to oxidize. 

Dilute sulfuric acid is used to convert the resin to sulfate form. Vanadium is adsorbed to the 

resin after which the resin is made ready for elution by a dilute sulfuric acid wash. In the 

elution process a valency reduction of vanadium is occurring. In the reduced form the 

vanadium is no longer held by the resin. The author is then mentioning a study where high 

purity V2O5 is prepared from commercial 99.8 %pure V2O5. The solution in this example was 

prepared by dilute sulfuric acid in presence of sulfur dioxide gas which dissolved the 

vanadium pentoxide. DOWEX 50-W cation exchanger, filled in set of 15 columns, was used 

for the ion exchange process. Stripping with 5 M HCl in order to convert the exchanger 

columns to hydrogen form was done before start. The exchanger then picked up VO+2 which 

was the product of the saturated sulfate solution after passing thru 14 of the columns. One of 

the columns was retained in the hydrogen form where it converted ammonium EDTA eluant 

to hydrogen form which is shown in Formula 7.(Gupta and Krishnamurthy, 1992) 

4(𝑁𝐻4)3𝐸𝐷𝑇𝐴 + 3𝐻+(𝑅) = 𝐻4𝐸𝐷𝑇𝐴 + 3𝑁𝐻4
+(𝑅) 

Formula 7 
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During the conversion was the EDTA solution neutralized to pH 8.4 and passed through the 

column filled with the exchanger in the hydrogen form. Loaded with VO+2 ions, the H4EDTA 

passed through the columns. The VO+2 ions complex with EDTA and interacts with ferric ion 

impurity loaded in the exchanger while it moves through the column. A formation of stabler 

iron (3) EDTA complexes will result. This is described briefly by Gupta and Krishnamurthy 

(1992) were the reactions are illustrated below: 

𝐻4𝐸𝐷𝑇𝐴 + 𝑉𝑂+2(𝑅) = 𝐻2𝑉𝑂𝐸𝐷𝑇𝐴 + 2𝐻+(𝑅) 

Formula 8 

𝐻2𝑉𝑂𝐸𝐷𝑇𝐴 + 𝐹𝑒3+(𝑅) = 𝐻𝐹𝑒𝐸𝐷𝑇𝐴 + 𝐻+(𝑅) + 𝑉𝑂+2(𝑅) 

Formula 9 

From Formula 9 it is possible to see that the eluant coming out is carrying iron. It is not only 

iron that is removed from the vanadium but also soluble silicon compounds is removed. By 

stripping, then the oxalic acid used in order to remove the vanadium from the exchanger. The 

displacement of vanadium (4) by oxalic acid is illustrated in Formula 10. 

𝐻2𝐶2𝑂4 + 𝑉𝑂+2(𝑅) = 2𝐻+(𝑅) + 𝑉𝑂𝐶2𝑂4 

Formula 10 

By precipitation, the vanadium is then recovered from the oxalate solution.(Gupta and 

Krishnamurthy, 1992) 

1.4.4.5 Vanadium Precipitation 

The final step of the source processing of vanadium is the precipitation. Different ways are 

used, depending on the separation method used, where some will be described briefly in this 

chapter. 

Before the vanadium precipitation is it necessary to remove the impurities from the solution. 

Gupta et al. describes some processes which sets extra weight of the removal of phosphorus. 

Phosphorus is present in most extract from vanadium sources but is usually not preferred in 

the final product. 

If it is an acid solution, ammonia can be used to neutralize the solution before milk of lime is 

used to precipitate the phosphorus. The precipitated phosphorus will result in the form of 

calcium phosphate. The author mentions later that zirconium salts also may be used for 

vanadium precipitation but that is rather uncommon due to its high price. What is most 

common, according to the author, is precipitation by magnesium salts in presence of 

ammonia. The price of zirconium salts has risen even more since the book was written, which 

probably means that its use up is even more unusual.(Gambogi, 2008) 
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Vanadium (4) solution

Hydrolysis pH 3.7-7

Vanadium (4) precipitate

Calcination 600°C

Vanadium oxide

NH4OH

 

Figure 10: Hydrolytic precipitation(Gupta and Krishnamurthy, 1992) 

The above illustrated process recovers vanadium from a source containing sulfuric acid and 

vanadium (4) sulfate. The solution mixture depends on a number of factors of which needs to 

be considered when dimensioning the next steps in the process. Ammonium hydroxide is 

added to the solution resulting in hydrolytic precipitation of vanadium (4). In the next step is 

calcination performed to the precipitation resulting in a product containing over 99.5 % V2O5. 

Worth mentioning is that vanadium (4) precipitation cannot be fused. This implies that it 

cannot be used in products which require being dust-free. 

1.4.4.6 Source Processing Articles 

Oil as an extraction source 

Oil is nowadays not an overly common heat source in Sweden. Most of the oil is used in the 

industry and in vehicles. The reason for this is the rising oil prices in the world and an 

increase of taxes from the Swedish government. Even though the high price, most Swedish 

heat plants uses oil as fuel for their top load. The resulting fly ash from the burned oil is a 

known source for vanadium. In following text articles that are treating the extraction process 

of vanadium from fly ash are considered. 

An article that treats leaching of vanadium from fly ash is ‘Recovery of vanadium from a 

previously burned heavy oil fly ash’ by Vitolo et al. (2001). The fuel ash used in the 

experiment is a relatively high carbonaceous fuel. The content of carbon is 67.4 % and has a 

vanadium content of 3.8 %. The experiment was performed as follows: First was the raw fly 

ash burned at different temperatures in the interval 650 °C to 1150 °C. After the burning was 

an acid leaching stage. In the acid leaching process was 50 g of the ash sent down in a pyrex 
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stirred reactor were sulfuric acid at 100 °C acted as leachate. After leaching was vacuum 

filtration used to separate the extracted solid from the leaching solution. The leaching 

solution was then sent to a precipitation stage in order to obtain vanadium oxide. From the 

testing was it possible to see that the loss of vanadium increased with higher burning 

temperature. The yield of acid leaching and oxidative precipitation was found to be most 

effective somewhere in the middle of the temperature interval. The conclusion from the 

authors was that a burning temperature of 850 °C was found to be the best regarding the 

overall vanadium recovery yield and V2O5 weight percentage in the precipitate. Major 

impurities was found in the precipitate were phosphorus, sulfur and sodium was the most 

eminent. The impurities require to be blended with purer V2O5 in order to not exceed any 

impurity specification. An advantage to use this method instead of direct acid leaching is that 

smaller amounts of reagents will be needed and the heat contained in the fly ash could be 

recovered by fly ash burning. 

Next article investigated, ‘Recovery of vanadium from heavy oil and Orimulsion fly ashes’ by 

Vitolo et al. (2000) also examine the vanadium recovery from heavy oils as well as from 

orimulsion, a bitumen based fuel. The purpose of producing the precipitate is to use it for 

production of ferrovanadium alloy. The orimulsion is made from pure natural bitumen which 

occurs in the Orinoco Beltof Venezuela. The fuel is very interesting since it contains high 

amounts of vanadium (up to 12 %). 

The process to extract vanadium will occur in three steps consisting of acid leaching, 

oxidation and precipitation of vanadium oxide. Three samples of fly ash from oil and one 

sample from orimulsion were used where the composition of vanadium were 2.6, 3.3, 1.3 % 

for the oil fly ashes and 11.7 % for the orimulsion fly ash. One can see that the fly ash from 

orimulsion had much higher vanadium content then the fly ashes from oil. 

Various tests were performed in order to investigate the effect of the efficiency from different 

operating extraction conditions. The liquid-solid ratio was first to be examined. For all 

samples was in general an increase occurring with a higher liquid-solid ratio and a higher 

temperature. Next were different solutions of H2SO4 investigated. For all samples did the 

leaching efficiency increase with higher acid concentration. The oxidative precipitation, 

which followed the leaching, was performed using NaClO3 as an oxidative. After the oxidative 

precipitation a filtration occurred in order to separate the precipitate from the exhaust 

solution. Diluted H2SO4 was used to wash the precipitate three times. The composition of the 

precipitate after washing was good where the highest amount was obtained for the 

orimulsion fly ash. The composition of vanadium here was 43.3 % for the orimulsion fly ash 

and the composition from oil varied between 22.5 to 37.3 %. 

Slag as an extraction source 

Linz-Donawitz steelmaking is a well-known method for steel making. About 60 %(Stubbles, 

2013) of the total output of crude steel in the world is produced from this process. Slag is a 

byproduct from Linz-Donawitz steelmaking and is in most cases containing a relatively high 

amount of vanadium. The article ‘Leaching of vanadium from LD converter slag using 

sulfuric acid’ by Aarabi-Karasgani et al. (2010) investigates a few parameters in order to leach 

vanadium as efficient as possible. 
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The slag for the study was collected at a site of waste disposal from a factory in Iran. The 

samples was crushed and grinded into three fractions, <0.850 mm, 0.850-1.135 mm, 2.350-

3.360 mm.  

Alkaline roasting was done in a temperature of 1000 °C under 2 h with an addition of 20 % 

sodium carbonate. That in order to change the vanadium compound to a soluble form. After 

roasting, the sample was leached in a pyrex reactor equipped with a reflux condenser. The 

mixture of sulfuric acid and the roast was mixed at 600 rpm in the reactor. 

The parameters investigated in this study were: effect of particle size, effect of sulfuric acid 

concentration, effect of solid to liquid ratio and effect of reaction temperature. 

From testing was it found that smaller particles led to a better leaching result. The particles 

for further testing were therefore of the size 0.850 mm. From the testing of different molar of 

acid the efficiency increased up to about 3 M before becoming constant. The efficiency 

definition in this case is the leached amount of vanadium oxide divided to the vanadium 

oxide originally present in the ash. The test of solid to liquid ratio showed that the efficiency 

curve has its maximum of 93 % when the concentration is about 1/15 g/ml. A further increase 

here will decrease the efficiency. The reason for this is, according to the author, that an 

increase in percent solid enhances the interaction between the ions which reduces the proton 

ions concentration. The effect of the reaction temperature is studied in the interval from 25 

up to 70 °C. It is possible to see that the efficiency is increasing with higher temperature. 

Since the best result was achieved from 70 °C, this temperature was used for further tests. 

The leaching time that was found to be most efficient was 150 min. By using the optimal 

parameters from the various tests, a vanadium content of 95 % was achieved. 

To summarize, from the leaching with 3 M sulfuric acid, temperature 150 °C, leaching time of 

150 min, solid-liquid ratio of 1:15 the beast vanadium leaching efficiency (95 %) was 

achieved.  

Shale as an extraction source 

Carbonaceous shale also known as stone coal is a possible source for extracting vanadium. 

Different leaching methods are known in this area where the main difference is the different 

kind of additives. 

Leaching vanadium from carbonaceous shale using sulfuric acid is an environmental-friendly 

method but with the drawback to have a low leaching efficiency in some cases. It is however 

possible to increase the efficiency by using additives, ultrasound or pressure leaching for 

example.(Zhou et al., 2009) 

An article that treats leaching of vanadium from carbonaceous shale using ammonium 

fluoride, NH4F, is ‘Leaching of vanadium from carbonaceous shale’ by Zhou et al. (2009). In 

the article five leaching parameters are investigated: Sulfuric acid concentration, ammonium 

fluoride addition, contact time, liquid to solid ratio and leaching temperature. 

The test worked in a similar way that four parameters were held constant during the test. The 

fifth worked as a variable were the leaching efficiency is examined as a function of the actual 
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parameter. The carbonaceous shale used in the tests came from Hubei province, China and 

the initial content of vanadium was 0.92 %. The shale was dried and later ground and sieved 

before used in the study. Particles below 150 µm were of interest. The method of the testing 

worked in such a way that one used a dissolution cell equipped with a rotary stirrer. A 

predetermined volume of dilute H2SO4 were mixed with a portion of the ground shale in the 

dissolution cell. A stirring rate at 200 rpm and constant temperature were kept during the 

leaching process which subsequently was filtered. Diluted H2SO4 was used to wash the 

filtered cake until the filtrate was colourless. The final step was to dry the cake overnight, this 

was done at 120 °C. To determine the concentration of vanadium in the solution and content 

of vanadium in the shale, titration with ammonium ferrous sulfate were used. 

Varying sulfuric acid concentrations gave the highest leaching efficiency of about 98 % when 

the concentration reaches 18 %. The optimal addition of ammonium fluoride was found to be 

4.8 wt.%. At this addition was a leaching efficiency of about 92 % obtained. The efficiency 

increases with the extension of contact time until it reaches 8 hours and thereafter remains 

approximately constant. For the effects of the liquid to solid ratio the highest increase in 

leaching efficiency was shown for a ratio of 2:1 to 4:1. A ratio 4:1 was considered the best 

where a leaching efficiency of 92 % was obtained. The leaching temperature was the fifth 

parameter to be examined. Temperatures in the range 55 to 95 °C were studied. No 

temperature above this limit was tested because it was the maximum achievable temperature 

without pressure at the elevation of the laboratory. The leaching efficiency was increasing 

monotonously with higher leaching temperature. The parameters that were held constant 

during the study had the values of their best operating conditions from the tests of them 

individually. That is, sulfuric acid concentration 18 %, ammonium fluoride addition 4,8 wt.%, 

contact time 8 h, liquid to solid ratio 4:1 and leaching temperature 95 °C.  

Another article that treats leaching of vanadium from carbonaceous shale, but this time using 

hexafluorosilcic acid, H2SiF6, is ‘Vanadium leaching from carbonaceous shale using 

fluorosilicic acid’ by Zhang et al. (2011) Like in the previous report are different leaching 

parameters investigated. The parameters taken into account in this case are: dosage of acid, 

contact time, liquid to solid ratio, leaching temperature. 

The tests work in a similar way that three parameters are held constant during the test. The 

fourth works as a variable where the leaching efficiency is examined as a function of the 

actual parameter. The carbonaceous shale used in the tests comes this time from Hunan 

province, China and the initial content of vanadium oxide was 1.29 %. The shale was ground 

and dried at 105 °C for 4 h. The leaching aid H2SiF6 was prepared and mixed with the shale in 

a three-neck flask. The flask was put in a bath at target temperature. After the required 

contact time was the leachate residue separated by vacuum filtration. Additional experiments 

were performed in parallel using, as in previous investigated article, sulfuric acid. 

The most efficient leaching was obtained when following parameters were held: an acid 

(H2SiF6) dosage of 20 %, a H2SO4 dosage of 30 %, leaching time of 8 h, a leaching 

temperature of 95 °C, a liquid-solid ratio of 1 mL/g. 
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The third article ‘Extraction of vanadium from black shale using pressure acid leaching’ by Li 

et al. (2009) treats leaching of vanadium from carbonaceous shale using a pressure increase 

in the leaching process. The parameters taken into account in this case are: dosage of acid, 

contact time, liquid to solid ratio, leaching temperature. 

The carbonaceous shale used in the tests was collected in Guizhou, China and the initial 

vanadium oxide content was 3.26 %. Before testing was the shale crushed and dried at 75 °C 

during the night. For each test was 200 g dried shale added to a titanium autoclave with an 

rpm of 580. Oxygen was added until a total pressure of 1.2 MPa was attained. After testing, 

vacuum filtration was used to separate the ore slurry. To extract the vanadium from the 

leachate, the leaching solution was neutralized to about 1.5 pH using ammonia. To reduce 

Fe3+, Na2SO3 was added to the solution before the vanadium extraction.  

The optimum parameters according to the tests were considered to be: A reaction time of 3 h, 

a sulfuric acid concentration of 200 g/L, a leaching temperature of 180 °C, liquid-solid ratio 

of 1.2 mL/g and an additive of FeSO4 concentration of 6.6 g/L. 

Next article investigated ‘Acid leaching of black shale for the extraction of vanadium’ by Li et 

al. (2010), treats leaching of vanadium from carbonaceous shale obtained from Huangpin in 

Guizhou, China. The test this time differs from previously in the way that more leaching 

solutions are investigated as well as the testing parameters. Reaction times of 6 h, leaching 

temperature of 95 °C, liquid-solid ratio of 4 mL/g are parameters that were held constant 

during testing of leaching solutions. The four leaching solutions that were tested in the 

experiment were: sulfuric acid solution with sodium hypochlorite, sulfuric acid solution with 

hydrofluoric acid, hydrofluoric acid solution with sodium hypochlorite, sulfuric acid solution. 

The initial content vanadium oxide was 0.56 wt%. Before test start was the shale crushed and 

dried at 75 °C during the night. For each test was 150 g dried shale added to a round-bottom 

flask that then was immersed to an electrically heated thermostatic water bath. Except the 

dried shale was calculated amounts of distilled water, sulphuric acid, hydrofluoric acid and 

sodium hypochlorite added to the flask. The optimum processing parameters for the leaching 

procedure were concluded to be: A reaction time of 6 h, a liquid/solid ratio of 4 mL/g 

leaching temperature 95 °C and a concentration of 87.5 g/L H2SO4, 15 g/L HF, 1 g/L NaClO 

(adding NaClO after a reaction time of 3 h). 
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1.4.5 Refining 

After reduction the vanadium is normally not clean enough for its purpose. Metallic and non-

metallic impurities could have a big influence on the vanadium properties. To remove 

impurities, different refining techniques are applied. 

 

Figure 11: Outline of methods for refining vanadium as reduced vanadium metal. Reproduced with 
permission from Gupta and Krishnamurthy (1992) 

Figure 11 above shows different vanadium refining techniques studied. By combining 

different refining techniques it is possible to remove almost any kind of impurities. For larger 

scale operations it is important, not only that the refining method is efficient, it should also 

be economically sustainable, have a good batch size and be relatively simple. According to 

Gupta and Krishnamurthy (1992) are pyrovacuum treatments the most common methods for 

large scale operations. Methods that are more common for small volumes are for example 

ultrapurification and electrolysis. Since the aim of the report is to find an extraction process 

that is suitable for large vanadium production, will pyrovacuum treatments be explained 

more below. 

Pyrovacuum treatments involve the process of heating the vanadium up to or above its 

melting point. This is done under vacuum for refining and/or consolidation. A variety of 

processes are taking place during the treatment and which depends on the impurity 

concentration in the metal and the relative concentration of various other impurity elements. 

According to Gupta and Krishnamurthy (1992) is the most common impurities Al, Ca, Cu, Fe, 
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Mo, Ni, Pb, Ti, and Zn. Most of these elements will distil away during vanadium heating 

under high vacuum. The most critical non-metal elements are the gaseous ones. Hydrogen, 

nitrogen and oxygen are examples of critical elements and the removal of them can be done 

by degassing. The degassing process is one of the most important operations during 

pyrovacuum treatments. It is explained in ‘Extractive metallurgy of vanadium’ by Gupta and 

Krishnamurthy (1992) but will not be described more in this report. 

1.4.6 EU Perspective of the Vanadium Status 

The primary reason for the vanadium extraction in this report is to use the vanadium in 

electrolyte for flow batteries.  The value of a metal, as most products in society, depends of its 

characteristics, its demand and its supply. In the first chapters of the report it is given an 

overview of the vanadium status today, for instance its existence and the current price. 

Another point of view that is interesting in this context is the EU's vision of vanadium today 

and a few years forward. A report on this particular subject is the one by European 

Commission (2010). The report was issued in June 2010 and will be considered up to date.  

In the report that is listing the critical raw materials the definition of “critical” used is as “a 

raw material is labelled "critical" when the risks of supply shortage and their impacts on the 

economy are higher than for most of the other raw materials”(European Commission, 2010). 

In order to determine if the material is critical or not, one need to state what indicators 

considered relevant. The indicators considered relevant in the report is: 

 The economic importance of the raw material  

 Its supply risk 

 The environmental country risk assessing the potential for environmental measures 

that may restrain access to deposits or the supply of raw material 

 

All raw materials that was possible a candidate of “critical raw materials for the EU” was 

listed. Here was vanadium one of 41 materials investigated. Figure 12 below illustrates the 

result were the economic importance is shown at the horizontal axis and the supply risk is 

shown at the vertical axis. 
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Figure 12: Supply risk and economic importance of materials(European Commission, 2010) 

As can be seen in the lower right corner vanadium is of great economic importance. On the 

other hand the supply risk is not expected to be as great. Example of a high supply risk here is 

for example if it is a low recycling rate of the material or if the production of the particular 

material is in a few countries marked by economic and political instability. From the report 

the different materials are divided into three groups were the group containing the most 

critical raw materials is placed in the upper right corner. In the critical group there are 14 

materials. They are the ones with a supply risk greater than 1.0 and an economic importance 

above 5.0. Vanadium and the other materials in the right corner are thus currently not 

considered to be critical, but a small change in the economical parameters might result in a 

reclassification of the material and make it “critical”. It is specially mentioned that vanadium 

(along with manganese and chromium) is commonly used in the steel production sector and 

that it could be an overestimation of the value added of the value chain for these raw 

materials. Regarding the environmental risk is vanadium placed far down on the scale and is 

therefore not considered from an environmental point of view.(European Commission, 2010) 

To summarize the report, vanadium is not considered to belong to the category of critical raw 

materials but if economic instability would occur in any of the major producers of vanadium 

would it most likely be classified as critical.  
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1.4.7 Swedish Vanadium Related Projects 

1.4.7.1 Project Ranstad 

As in the case of the Viken project by CPM (will be introduced in section 3.4.1) is often 

vanadium extraction associated with uranium and other materials in order to make as much 

profit as possible. In Ranstad, located between Skövde and Falköping, uranium was mined 

for several years and a lot of research was conducted in the area. Much of the investigation 

conducted, and information about the plant and its processes are documented and outlined 

in the book Uran ur skiffer – Ranstadverket. The book is written by Strandell (1998) who 

describes the project phases and activities from the 40th century up to the settlement in the 

early 80’s. What makes this project particularly interesting for a report of vanadium is mainly 

to see how the vanadium is mentioned during the centuries of the projecting and processing. 

In such a long period of time often the perception of material change and this is interesting to 

examine. 

After the atomic bombs ended the Second World War, more countries become interested in 

nuclear power, including Sweden. At the end of 1945 “Atomkommittén” was established in 

Sweden where the official purpose was to explore the country's resources and opportunities 

to practically utilize atomic energy.(Strandell, 1998) 

The Ranstad plant construction began in 1962 and was tested from 1969 to 1975. Although 

the plant was now usable, uranium prices at this time were so low that it was not considered 

viable for mining. With the oil crisis of the early 70s, conditions changed and the production 

of uranium started.(Ranstad Industricentrum AB, 2013) From the materials and the first 

studies made vanadium is not mentioned but focus exclusively on uranium and various 

extraction processes to extract it.(Strandell, 1998) 

First time vanadium is mentioned at all, is an examination of the so-called ELUEX process. 

The ELUEX process is one of the processes examined to be used for uranium extraction from 

the leach solution. The shale examined here had a vanadium content of 730 g / t but where 

only 63 g / t were remaining after the leaching stages. This process is not suitable for the 

purpose of including vanadium extraction, which was not a priority at this time.(Strandell, 

1998) 

In 1973 an investigation started, together with the company MX processer, not only to extract 

uranium but also to extract molybdenum. Molybdenum which is also one of the three metals 

extracted in CPM's project.(Strandell, 1998) 

The first time that one seriously mentions vanadium and sees a potential profitability in its 

extraction is after AB Atomenergis survey in 1974. Besides vanadium also molybdenum and 

nickel is mentioned. One advantage with recovery of these metals is for example that no 

significant plant modifications need to be made from the original plant or any major 

deterioration in the environment.(Strandell, 1998) 

As part of efforts to develop methods for the extraction of vanadium studied AB Atomenergi 

gradual neutralization of the leach solutions. Meanwhile, the Swedish Environmental 
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Protection Agency (Naturvårdsverket) tightened their environmental requirements for this 

type of process, this led to that they made contacts with a number of external actors. An 

examination was here made of six different methods for effective vanadium extraction that 

would simultaneously meet the requirements of , the Swedish Environmental Protection 

Agency.(Strandell, 1998)  

1.4.7.2 The SOTEX process 

The SOTEX process was developed by the Swedish company MEAB (MX processer) in order 

to recover vanadium and nickel from soot and fly ash. A block diagram of the process can be 

seen in Figure 13 below. 
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Figure 13: Flow sheet SOTEX process(MEAB, 2010) 

 

As illustrated, the ash is first washed in order to eliminate the amount of magnesium. The 

benefit with this pre-wash is that the magnesium can be recovered and recycled which results 

in less acid use in the following acid leaching step. In this step the dissolution of nickel is very 

low. At the leaching step the residue is leached by sulfuric acid at elevated temperature. The 

vanadium extraction is, as described in the chapter Leaching, performed with a mixture of 

DEHPA and TBP in kerosene. After this step the raffinate is divided into two where half of it 

is treated in order to extract nickel and control the establishment of impurities. The part of 

the raffinate that is directed to nickel extraction is first added with ammonia. The addition of 

ammonia results in a nickel ammonia complex. This nickel ammonia complex is then 

extracted with LIX 84. In a bleed treatment section is the raffinate scrubbed with sulphuric 
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acid after which the final step is to strip nickel by the same type of acid.  The other half of the 

raffinate is directed back to the leaching. To a concentration of about 50 g/l V 1.5 M sulphuric 

acid is mixed with an organic solution in order to strip the vanadium.  After the stripping, 

iron is removed from the solution by strong sulfuric acid. The solution is then washed with 

water. Next polyvanadate (APV) is precipitated by oxidation and adding ammonia. The final 

vanadium product is present in the form of vanadium oxide (V2O5) which is calcinated form a 

dried filter cake of APV.(MEAB, 2010) 

The SOTEX process is really interesting because of its design and as such a process that is 

extremely limited around the world. That it has been operated in a relatively large scale 

makes it practically unique. The first SOTEX plant was built in Stenungsund to treat the soot 

from the oil-fired power plant, which was operating in the area. The profitability was 

relatively good if one also takes into account the effect of environmental conservation values. 

The interest in such values has previously been weak.(Reinhardt, 2013) 

According to Reinhardt (2013), active within MEAB, the company is currently discussing 

some similar projects. This is because the environmental conservation interest drastically 

seems to have increased. In addition, metal prices increased. 
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2 METHOD 

For the calculations performed, both technical and economical, the spreadsheet program 

Microsoft Excel was used. Report writing has been done in the word processing program 

Microsoft Word. Most of the background material comes from previous work done in the 

field, from internet searches and databases. Information to perform literature study has 

mostly been collected from the databases Google Scholar and Discovery. Information was 

also gathered from other internet sources and literature. A number of interviews and 

personal communication have also been performed. 

The calculation methods used in order to calculate the result are divided into three sub 

categories. Capital cost methods, sensibility analysis and energy estimation. 

The capital cost methods are used in order to estimate the costs of the projects. For both 

extraction methods was a preliminary cost estimate performed and for the mining was also 

an order of magnitude performed in an early stage.  

From the capital cost methods was sensibility analyses performed on the different projects in 

order to see how different economical parameters would affect the result. 

An energy estimation was performed in order to see an approximate energy demand for the 

project and also to investigate what parts/components of the processes that was the most 

electricity consuming. The simulation software Ebsilon Professional was used in order to 

simulate the electricity production from a combined cycle, adjacent to the site. A more 

detailed explanation of how it was performed is found in section 3.4.3 and 3.5.2. 

3 SUSTAINABILITY STUDY FOR PRODUCTION PROCESSES 

In consultation with supervisor Erik Dahlquist two production processes have been selected 

for the study. These two are vanadium extraction from ore (shale) and from ashes. An 

extraction process will be modelled where both economically and energy calculations will be 

performed. In order to compare the results was the first thought to use a vanadium oxide 

(V2O5) production rate of 1 000 ton/year from both sources. As will be explained later in this 

section, this was not possible so the two processes will be dimensioned for different 

production rates. 

3.1 Capital Cost Methods 

In the chapters dealing with extraction efficiency several methods are investigated. Different 

sources for vanadium extraction are also examined in order to find the source and most 

efficient process to extract from it. When choosing a source and extraction method in 
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practice, not only the raw material supply and outcome are of importance. The capital cost 

for the plant and the site of the plant are also of great importance. When estimating the 

capital cost, different methods are used depending on how far the project has reached.  

A rule of thumb that often can be useful when looking for a resource that can provide a return 

is if the value is above 1000 SEK per ton. If it is above this limit could it be worth to proceed 

the investigation.(Allard, 2013) For example in the case of the ash: If the selling price of 

vanadium oxide is about 15 $ / kg and if the ash contains 3% vanadium, that means a value of 

about $ 450 per ton (about 3000 SEK). The extraction then would probably be profitable. 

Table 6: Categories of total cost estimates based on accuracy of the estimate(Fuente, 2013) 

 

Table 6 illustrates five methods for cost estimates depending on what the estimate is used for, 

the consumed time to make the estimate and the estimated error of the estimate.  

T.R. Brown explains the concept of order of magnitude estimation, OOM, in Chemical 

engineering from Aug. 2000(Brown, 2000). The OOM estimates are used when a lack of 

available design details occurs which make the inaccuracy relatively high, about 40-100 %. 

These are the simplest of all estimates and are usually based on a lightly developed design 

concept. Some design information that usually is available when making an OOM estimate is 

for example preliminary material and energy balances, preliminary environmental risk 

assessment and block flow diagrams. Brown mentions two of the OOM methods that are 

most frequently used.  

Ratioing by capacity: This method is normally applied when the investigated item has the 

same design but different capacity compared to an existing item. The method is valid for 

installed costs of plant and processes and equipment purchased costs, and is one of the most 

used relationships in practice. 

𝐶𝑜𝑠𝑡𝑠𝑖𝑧𝑒 2

𝐶𝑜𝑠𝑡𝑠𝑖𝑧𝑒 1
= (

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑠𝑖𝑧𝑒 2

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑠𝑖𝑧𝑒 1
)

𝑛

 

Formula 11 

The relationship is shown in Formula 11, where n is the size exponent. Brown is referring to 

Garrett (2000) and Guthrie (1974) who had data form several hundred plants where the 

average value of the exponent was 0.67. Chase did, in 1979, propose a method based on 

different equipment classes used in a plant. He also suggests an exponent factor of 0.67 when 

Estimate Used to Based on Obtention Error[%]

Order of 

Magnitude(Ratio 

estimate)

Profitability analysis

Method of Hill, 1956. Production rate and PFD with 

compressors, reactors and separation equipments. Based 

on similar plants.(Fuente, 2013)

Very fast 40 - 50

Study Preliminary Design

Overall factor method of Lang, 1947. Mass & Energy 

balance, equipment sizing, construction materials and 

P&ID. Enough data to budget estimate.(Fuente, 2013)

Fast 25 - 40

Preliminary Budget Approval

Individual factors method of Guthrie, 1974. Mass & energy 

balance, equipment sizing, construction materials and 

P&ID. Enough data to budget estimation.(Guthrie, 1974)

Medium 15 - 25

Definitive Construction Control Full data but before drawings and specifications Slow 10 - 15

Detailed Turnkey Contract Detailed Engineering Very Slow 5 - 10
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the plant size exponent is unknown. Chase also suggests an equipment cost ration of 0.6 

when this factor is unknown.(Chase, 1970)  

Scaling by capital/unit of capacity or by capital/unit of sales: This method is, according to 

Brown, inadequate. The reason is that the ratios, capital/unit of sales or capacity, are not 

constant. If the base sales or capacity volume is known, the method can be used accurately by 

rationing the capital by a size exponent. 

When one got further in the process of investigation, study estimation is the normal 

approach. In the study estimate method is equipment purchase prices determined by rough 

equipment sizes/specs. A factor is then multiplied with the purchase price for all the 

components to be estimated. Even if more information is known than for the OOM estimates, 

the information of the project is relatively limited. Brown mentions two study methods, the 

Lang method and the Hand method-module factors, which have been widely used over the 

years.  

The reference projects and the calculation programs do not give a result expressed in Swedish 

kronor (SEK), but this will instead be calculated from the original currency. The exchange 

rate between the Swedish crown (SEK) and the U.S. $ is assumed to be 1 US $ = 6.69 SEK 

and the rate between Swedish crowns and the Norwegian crown (NOK) is 1 NOK = 1.13 SEK. 

This from the exchange rate 2013-05-29. 

3.2 Sensibility Analysis 

The result of the study for both extraction processes will be compared in the production cost 

per kg vanadium metal or vanadium oxide. The method of calculating will be following: 

First estimate the net present value. 

𝑁𝑃𝑉 = 𝑃𝑉 − 𝐺 =
𝑅

(1 + 𝑝)𝑛
− 𝐺 + ∑

𝑎𝑖

(1 + 𝑝)𝑖

𝑛

𝑖=1

 

Formula 12 

Where: 

𝑁𝑃𝑉 − 𝑁𝑒𝑡 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒[𝑆𝐸𝐾] 

𝑃𝑉 − 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒[𝑆𝐸𝐾] 

𝐺 − 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡[𝑆𝐸𝐾] 

𝑅 − 𝑅𝑒𝑠𝑡 𝑉𝑎𝑙𝑢𝑒[𝑆𝐸𝐾] 

𝑝 − 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒[−] 

𝑛 − 𝐿𝑖𝑓𝑒 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡[𝑦𝑒𝑎𝑟𝑠] 
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𝑖 − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑦𝑒𝑎𝑟[−] 

𝑎 − 𝑃𝑒𝑟𝑖𝑜𝑑𝑖𝑐 𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤[
𝑆𝐸𝐾

𝑦𝑒𝑎𝑟
] 

The discount rate is the interest calculated on actuarial basis for use in investment 

calculations. Cost of capital can consist of return to shareholders and interest to lenders. 

Knowing the net present value of the investment the annuity can be found from following 

formula: 

𝐴 = 𝑁𝑃𝑉 × 𝑘 = 𝑁𝑃𝑉 ×
𝑝

1 − (1 + 𝑝)−𝑛
 

Formula 13 

Where: 

𝐴 − 𝐴𝑛𝑛𝑢𝑖𝑡𝑦[𝑆𝐸𝐾] 

𝑘 − 𝐴𝑛𝑛𝑢𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟[−] 

Knowing the annuity, the result can be presented in annuity/produced quantity. That is, the 

annual cost of the production divided by the annual produced quantity of vanadium 

oxide/metal. The economic factors that will be examined due to their influence of the result 

are the discount rate and the operating time. For the ash extraction will also the influence of 

the labour cost be examined. 

3.3 Energy Estimation 

As mentioned earlier in the report, the two extraction methods will be compared not only 

economically but also from an energy perspective. It is thought that the whole process for 

each extraction should be covered which makes it problematic since there is limited 

information and published material for these special type of cases. The method for 

determining the energy demand for each process was considered to be determined between 

two methods. The first method was to collect information about energy demand of similar 

projects and based on these, try to adapt to the selected process. Method number two was to 

take each process, choose appropriate components from one or more manufacturers and then 

calculate the power requirement for all process components from their data sheets.  

In consultation with supervisor Erik Dahlquist was, both for mining and ash, the second 

method selected. That is, to calculate the energy demand for the process the components will 

be selected individually and their power demand be summed. The power demand times the 

operating time will then give the energy demand. This type of calculation has, as well as 

calculations of costs, an error factor since many elements are influencing the result. The 

result will still be considered as satisfactory. 
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3.4 Mining 

3.4.1 Order of magnitude estimation – Viken MMS Project 

As explained earlier in section Capital Cost Methods, the order of magnitude estimation is 

often applied in the first stages of determining the capital cost of a project. Continental 

Precious Minerals (CPM) is a Canadian prospecting company with their business entirely 

focused on uranium exploration in Sweden. In the year of 2010 they released the report 

“Viken MMS Project” where MMS stands for Multi Metal Sediment. In the report the 

practical and economic conditions for the extraction of uranium, molybdenum and vanadium 

from shale in Oviken in Jämtland are investigated. This project is very relevant for this report 

because it is precisely this type of extraction that is investigated.(P & E Mining consultants 

inc. et al., 2010)  

Applying the ratioing by capacity method to the Viken MMS Project will give a first hint of 

the installed and purchased costs for the project. Following data are obtained from the 

report: 

From the Viken report a capital cost of about 4 069 M US $ is expected. The capacity of shale 

processing is 14 M tons. The capital cost for a capacity of 1 M ton shale will be estimated. The 

value of the n exponent is 0.67 as suggested from Guthrie. Here will Formula 11 be applied. 

3.4.2 Process Design and Preliminary Cost Estimate 

As mentioned in the section treating capital cost methods, a preliminary cost estimate has a 

higher accuracy than an OOM estimate. When investigating ore processing from a mine with 

its capital and operating costs, there are three factors of higher importance. The size of the 

mine, processing plant expressed in tons of ore mined and milled per day of operation. SME 

Mining Engineering Handbook (1992) includes a chapter treating cost and cost estimation. 

The idea here is to first dimension the plant in the same size as the Viken project and then 

scale it for the production rate of 1000 million tons of ore per year (which will correspond to 

approximately 100 ton of vanadium). This in order to compare the costs by those from the 

ash extraction. The section ‘Costs and cost estimation’ by T. Alan O’Hara and Stanley C. 

Suboleski contains economic relationships depending on a number of design criteria that has 

been compiled from North American mine projects completed since 1980. The capital costs 

used are escalated by statistical indices from 1992. Proposed step from the authors will 

hereafter be used for the design criteria in Table 7. 
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Table 7: Condensed Process design criteria(P & E Mining consultants inc. et al., 2010) 

Condensed Process design Criteria 

Production Criteria     

  Operating days per year 365 

  Availability[%] 91 

  Average daily tonnage[ton/day] 40000 

  Ore feed rate[ton/h] 1831 

  Uranium grade[ppm U] 155 

  Vanadium grade[ppm V] 2003 

  Molybdenum grade[ppm MO] 270 

  Uranium recovery[%] 85 

  Vanadium recovery[%] 90 

  Molybdenum recovery[%] 85 

Grinding     

  Grind, P80[microns] 72 

  Bond index unknown 

Leaching     

  U, MO retention time[h] 24 

  V retention time[h] 10 

  Pulp density all circuits[% solids] 50 

Thickening     

  All circuits[m2-d/t] 0.2 

Roasting     

  S basis[% S] 5.8 

  Sulphur rate[ton/d] 2320 

  C basis[% C] 15 

  Carbon rate[ton/day] 6000 
 

Determination of mine size and production rate 

O’Hara and Suboleski starts by explaining that to maximize the profits from a mine, it is of 

high importance that the mine size is optimal. If the mine size is too small could the 

operating profit be too small in order to recover the invested capital. If the size is too big it is 

a risk that the operating life is too short and it won’t yield an adequate return on capital 

invested. The formula used calculating the optimum tonnage rate, ToptRate, used is: 

𝑇𝑜𝑝𝑡𝑅𝑎𝑡𝑒 =
4.88𝑇𝑟

0.75

𝐷𝑦𝑟
 

Formula 14 
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Where 

𝑇𝑟 = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑜𝑟𝑒 𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑠 𝑡ℎ𝑎𝑡 𝑎𝑟𝑒 𝑗𝑢𝑑𝑔𝑒𝑑 𝑡𝑜 𝑏𝑒 𝑟𝑒𝑎𝑠𝑜𝑛𝑎𝑏𝑙𝑒𝑑 𝑎𝑠𝑠𝑢𝑟𝑒𝑑 

𝐷𝑦𝑟 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 𝑜𝑓 𝑓𝑢𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

This formula, as following relationships are modified for English short tons units but the 

result for the report will be converted to metric tons. By using the formula, and estimated 

total portion of mineral resources from the report by P & E Mining consultants inc. et al. 

(2010) together with 365 working days the optimum tonnage rate would be about 32 000 

tons/day. Worth mentioning could be that CPM expects there tonnage rate to be 40 000 

tons/day. The tonnage rate that will be used is 40 000 tons/day at first in order to compare 

the result with that from P & E Mining consultants inc. et al. (2010). 

Personnel Requirements 

The personnel requirements are divided into three categories. Mine, mill, administration and 

technical and service personnel. The authors are recommending different relationships 

depending of mining methods. The “open pit” method will be used since it is open pit mining 

that CPM:s report concerns.  

𝑁𝑜𝑝 = 0.024𝑇𝑝
0.8 

Formula 15 

Where 

𝑁𝑜𝑝 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑝𝑒𝑛 𝑝𝑖𝑡 𝑝𝑒𝑟𝑠𝑜𝑛𝑛𝑒𝑙 

𝑇𝑝 = 𝑡𝑜𝑛𝑠 𝑜𝑓 𝑜𝑟𝑒 𝑎𝑛𝑑 𝑤𝑎𝑠𝑡𝑒 𝑚𝑖𝑛𝑒𝑑 𝑑𝑎𝑖𝑙𝑦 

Required staff here is 125 persons. To estimate the number of mill personnel no optimal 

relationship exists for this criteria. The relationship O’Hara and Suboleski presents for 

treating open pit operations with respect to precious metal ores are also close to existing 

criteria. A workforce of 146 persons will here be needed. The service personal and the 

personal for administrative and technical operation are functions of the required personal 

from previous stages. The service personnel, Nsv, are estimated to 69 persons and the 

administrative and technical personal, Nat, are determined to 38 persons. This means that 

the total number of persons required is 378 persons. The Nsv and Nat is estimated from a 

relationship including number of people required by the mine, number of open pit personnel 

and the number of personnel required to operate the mills. 

Electrical power demand 

The peak load expressed in kW and power consumed, expressed in kWh/day are possible to 

estimate from following relationships described by Hartman et al. (1992): 

𝑃𝑒𝑎𝑘 𝑙𝑜𝑎𝑑 = 78𝑇0.6 

Formula 16 



 40   

𝑃𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 1400𝑇0.6 

Formula 17 

Where 

𝑇 = 𝑡𝑜𝑛𝑠 𝑜𝑓 𝑜𝑟𝑒 𝑚𝑖𝑙𝑙𝑒𝑑 𝑝𝑒𝑟 𝑑𝑎𝑦 

Using the relationships the peak load and power consumptions is expected to be about 48 

MW and 86 MWh/day. Worth mentioning is that the process of vanadium roasting will 

contribute with energy to the plant. P & E Mining consultants inc. et al. (2010) assumes that 

a gas turbine will be connected to the flue gas from the roast furnace. This means, therefore, 

that the real need will be lower in practice. 

Mine site clearing 

In order to start mining operations, one needs to clear the mine site. The area needed for this 

purpose and the area needed for concentrator building, crusher building, substation, 

warehouse and ancillary buildings are determined to 1.1 km2. This is estimated from 

Hartman et al. (1992)’s formula: 

𝐴𝑟𝑒𝑎 𝑡𝑜 𝑏𝑒 𝑐𝑙𝑒𝑎𝑟𝑒𝑑 𝑖𝑛 𝑎𝑐𝑟𝑒𝑠 = 0.05𝑇0.5 

Formula 18 

Assessment of open pit mines 

The next step is to determine the size and number of open pit drills. According to Hartman et 

al. (1992) it is common to use three drills for tonnage up to 60 ktons/day. The whole 

diameter are determined from a given relationship where a number of standard diameters is 

possible to select. A drill hole size of 165 mm is considered most appropriate from this 

relationship. 

A similar procedure is applied when determining size and number of shovels required. The 

shovel (dipper) size is determined from a function containing the daily tonnage of ore. Here 

the optimum shovel size is estimated to be 8.0 m2. The number of shovels is possible to 

estimate from the daily tonnage and the shovel size. 

𝑁𝑠 =
0.011(𝑇𝑝)0.8

𝑆
 

Formula 19 

Where 

𝑁𝑠 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠ℎ𝑜𝑣𝑒𝑙𝑠[𝑠𝑡] 

𝑆 = 𝐷𝑖𝑝𝑝𝑒𝑟 𝑠𝑖𝑧𝑒[𝑐𝑢𝑏𝑖𝑐 𝑦𝑎𝑟𝑑𝑠] 

𝑇𝑝 = 𝐷𝑎𝑖𝑙𝑦 𝑡𝑜𝑛𝑛𝑎𝑔𝑒[
𝑡𝑜𝑛

𝑑𝑎𝑦
] 
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From the formula it is estimated that two shovels are required. The size and number of trucks 

required are estimated from a relationship dependent of the dipper size. The optimum truck 

size is calculated to 119.0 tons and for that are a number of eleven trucks required. O’Hara 

and Suboleskis next economical relation concern the area needed for an open pit repair shop. 

Here is 2 410 m2 expected to be needed from the given relation. 

Assessment of miscellaneous characteristics of mine projects 

Concerning assessment of miscellaneous characteristics of mine projects the authors 

Hartman et al. (1992) are mentioning some characteristics that cannot be easily assessed 

numerically but still affect capital and operational costs. The climate of the mine location is a 

factor that might hamper the work and can result in delay in time. The climate factors may 

also affect the building designs and may imply seasonal restrictions regarding the metal 

leaching from the ore. The access to the mine plant is also of great importance. This is well 

described by P & E Mining consultants inc. et al. (2010). If the location is too isolated from 

existing infrastructure construction of roads may be a high investment cost. If it is too long to 

commute for the workers might accommodations be necessary to build. Metallurgical testing 

before project start is of course very important in order to get as efficient process as possible. 

The testing should provide basis for selection of ore processing method. This is normally 

done after the preliminary cost estimate is performed. 

Cost guides for capital costs of mining projects 

As earlier mentioned, the cost formulas has been compiled from North American mine 

projects completed since 1980. The capital costs used are escalated by statistical indices from 

1992. In order to get a realistic estimation of the capital cost today (2013) chemical 

engineering plant cost index (CEPCI) will be implemented. The capital costs from SME 

Mining Engineering Handbook by Hartman et al. (1992) will have the CEPCI published in 

Chemical Engineering, February 1992(Chem Eng., 1992), as reference point in the 

calculations. For the current values  the CEPCI will be from Chemical Engineering published 

in February 2013(Chem Eng., 2013). The different indices for each product category are 

compiled in Table 8. 
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Table 8: Chemical engineering plant cost index from feb. 1992 and feb. 2013(Chem Eng., 1992, Chem 
Eng., 2013) 

Chemical Engineering plant cost index 2013-02-01 1992-02-01 

CE index 570.8 359.8 

Equipment 691.7 395.8 

Heat exchangers and tanks 634.0 367.4 

Process machinery 656.7 376.3 

Pipe, valves and fittings 890.4 476.9 

Process instruments 420.9 353.3 

Pumps and compressors 895.8 537.1 

Electrical equipment 511.2 303.9 

Structural supports and misc. 726.0 339.5 

Construction labour 322.2 271.9 

Buildings 524.3 331.0 

Engineering and supervision 328.2 353.9 
 

Clearing cost for open pit mine 

In order to estimate a cost for clearing the pit mine Hartman et al. (1992) suggests three 

equations that are functions of the pit mine area that earlier was calculated. The equation 

that best matches existing criteria is the one accounting for a 20% slope and light tree 

growth. By using this equation and adjusting the result by the cost index the clearing cost is 

$381 000. 

Worth mentioning is also that a life time of 16 years is expected for the project. 

The result is summarized in following chapter. From the result the conclusion can be made 

that the preliminary estimate can be applied for the considered production of 1000 tons 

vanadium oxide per year. 

Using the same program as earlier in the calculation and assuming that the income decreases 

linearly with respect to the production rate, a negative value of the annual cumulative cash 

flow is obtained. The reason for this is that the economic relations of the equipment are not 

linear and with lover production rates the incomes are exceeded by the costs. Due to this will 

not a production of 1000 tons per year be modelled and the result of the calculation above be 

used in the comparison. 

Production cost of vanadium metal 

The production cost per kg of vanadium metal will be calculated by the net present value 

method for the operating costs and then adding the investment cost in order to find the 

annuity. From the annuity and the produced quantity of vanadium metal will the cost in 

SEK/kg be estimated. A sensibility analysis will be made with varying discount rate and 

operating time. Since not only vanadium is expected to be extracted in the mining operation 

but also uranium and molybdenum, will their estimated annual value be counted as income 

from sale. In the estimation is the rest value of the plant assumed to be zero. The annual 
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produced quantities of the various minerals are assumed to be the same as Hartman et al. 

(1992) is using.  

Uranium U3O8 – 2 175 883 kg/year 

Vanadium metal – 25 207 489 kg/year 

Molybdenum metal – 3 208 712 kg/year 

The value of Uranium U3O8 is, from the Viken report, set to 65.3 US $/lb and the value of 

molybdenum metal is set to 15 US $/lb.(P & E Mining consultants inc. et al., 2010) 

Since the cost of ore processing differs so much from that specified in the Viken report, it has 

been adjusted so, at a production of 40 000 ton ore/day for the process investigated in this 

report is equal to that in the Viken report concerning the cost of ore processing. A reason why 

it could differ so much is that the extraction methods for the three metals are much more 

complex and expensive than for many other metals. 

3.4.3 Energy Estimation for the Mining 

P & E Mining consultants inc. et al. (2010) assumes that the roasting process can produce 218 

kWh per tons of shale roasted. Since CPM is expecting to roast about 14 million tons per year 

would that account for 3 052 000 MWh per year. A flow sheet of the extraction process is 

illustrated in Figure 14. 
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Figure 14: Flow sheet Viken project(P & E Mining consultants inc. et al., 2010) 

As mentioned in the section Energy Estimation, will an approximate energy estimation be 

performed where the components / equipment in the process (Figure 14) will acts as a 

template in order to select the equipment. The estimation will be based on selected machines 

from different manufacturers where they are sized according to the selected dimensions, and 

where their power requirements will be summarized. Between the positions in the flow sheet 

are equipment (pumps and conveyors) that move material from one position to another 

assumed. 

As earlier mentioned was a roasting process projected in the Viken report. This was in order 

to supply the production plant with electricity.  A similar roasting process will be modeled 

and simulated with the software Ebsilon Professional. The roasting process will be 

represented by a combined cycle containing a gas turbine and a steam cycle. The process is 

located after the liquid – solid separation and before vanadium leaching stage in the process 

flow sheet (Figure 14). The main input data for the process is illustrated in Table 9. Here it is 

worth noting that the combustion temperature in the two burners is 830 degrees. The 

relatively low temperature is applied in order to prevent temperature corrosion due to metal 

impurities. The impurities in the fuel create a coating on the turbine blades, which in turn 
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reduces turbine lifetime. If the temperature is lowered the formation of the coating is lowered 

which increases the lifetime. 

 The water heated by the condenser in the steam cycle is expected to be used for certain sub 

processes of the mining process. The carbon present in the solid composition being roasted 

will together with the added air produce flue gas in the burners. The mass flow rate of the 

composition (acting as fuel) is assumed to correspond to the same energy content as 15 

%(Dahlquist, 2013) oil would have. For example, if 15 ton/h of oil is added to the burners 

during the simulation would that correspond to that an energy content of 100 ton/h of 

composition were fed into the boilers. 

Table 9: Input data for gas turbine cycle simulation 

Given input data 

Air temperature[°C] 15 

Ambient air pressure[atm] 1 

Pressure ratio compressor[-] 32 

Isentropic compressor efficiency[-] 0.80 

Inlet temperature first turbine[°C] 830 

Pressure loss burner[-] 0.02 

Pressure ratio first turbine[-] 1.50 

Isentropic efficiency first turbine[-] 0.88 

Inlet temperature second turbine[°C] 830 

Isentropic efficiency second turbine[-] 0.87 

Pressure loss second burner[-] 0.02 

Mechanical efficiency[-] 0.98 

Generator efficiency[-] 0.99 

Air flow at compressor inlet[kg/s] 542 

Percentage air cooling 1st turbine[-] 0.02 

Percentage air cooling first step of 2nd turbine[-] 0.02 

Pressure ratio second turbine[-] 1.90 

ΔPressure after gas turbine compare to inlet[bar] 0.05 
 

Dimensioning the mass and volume flow 

In order to dimension the different operation units and mass transporters one needs to know 

the mass and volume flows in the circuit. The process circuit, that has CPM:s extraction 

process as a template, do not provide much information. This means that several parameters 

must be assumed. 

The ore feed rate of mineral that is the most influencing parameter is set to 1831 t/h. This is 

the same rate as used by P & E Mining consultants inc. et al. (2010). At the grinding stage, 

liquid is added. The reason why liquid is applied into the grinding is to keep the grinding 

elements cool and to remove heat. As can be seen from the flow sheet, the liquid is mixed 

with leaching acids. It will be assumed that all feed liquid is acid. 
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The acid used by P & E Mining consultants inc. et al. (2010) is a mix between Na2CO3 and 

NaHCO3. Tests of different concentrations are shown in the Viken report and the combined 

density will be set to 56 kg/m3 in order to estimate the volume of the acid. During the alkaline 

leaching it will also be assumed that half of the volume is containing ore and half of it acid. 

During the liquid-solid separation it is expected that 5 % of the ore weight and 80 % of the 

liquid will follow to the solution concentration. The rest is expected to enter the roasting 

stage.  

In chapter 3.1 Capital Cost Methods it is set out that dimensioned processing rate of the ore is 

14 million tons per year. This magnitude is dimensioning the size of the components needed. 

The second position in the flow sheet of the Viken project (see Figure 14) is grinding. Size 

reduction is one of the most energy demanding processes in the mining process. Laboratory 

studies has shown that less than one percent of the energy delivered is used to create new 

surface, the rest is transformed to heat(McCabe and Smith, 1976).The mined ore is normally 

first crushed before it is feed to the grinders. In order to estimate the power required, 

McCabe and Smith (1976) proposed a method based on the particle size in and out of the 

material, the material mass flow and a work index of the material. The work index is defined 

as the gross energy requirement in kWh/ton. Here the very large feed is expected to be 

reduced in order for 80 % of the product to pass a 100 µm screen. Formula 20 shows the 

energy required from the size reduction. 

𝑃

�̇�
= 0.3162𝑊𝑖 (

1

√𝐷𝑝𝑏

−
1

√𝐷𝑝𝑎

) 

Formula 20 

Where: 

𝑊𝑖 – Work index 

𝐷𝑝𝑏 – Size of product in mm 

𝐷𝑝𝑎 – Size of feed in mm 

As earlier mentioned the size reduction is taking place in several steps. The gross power 

consumption can however be estimated in one step from the product size and the feed size. 

The size of the feed and product is assumed to be 300 mm and 0.072 mm. The final product 

before leaching is expected to have the size 0.072 mm. This is the size used for the alkali 

leaching in CPM:s report. From the book Unit operation of chemical engineering is Wi of 

shale 15.87(McCabe and Smith, 1976). 

From the process description, alkali leaching is the next step after grinding (size reduction). 

From Table 7 is it informed that the retention time for leaching of uranium and molybdenum 

is 24 h while the retention time for vanadium is 10 h. The alkaline leaching procedure is 

explained further in the section 1.4.4.2 Leaching. In the chapter it is mentioned, based on 

information from Gupta and Krishnamurthy (1992), that an autoclave or a pachuka tank 

normally is used. 
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In order to estimate the power requirement of the leaching tank, the size needs to be 

determined. This is estimated from the slurry (ore and acid) volume flow a the retention 

time. 

𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 = 𝑠𝑜𝑙𝑖𝑑𝑠 𝑚3

ℎ⁄ + 𝑙𝑖𝑞𝑢𝑖𝑑𝑠 𝑚3

ℎ⁄  

Formula 21 

Or 

𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 =
𝑆𝑜𝑙𝑖𝑑𝑠 𝑡

ℎ⁄

𝑆𝑝𝑒𝑐𝑖𝑎𝑙 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑆𝑜𝑙𝑖𝑑𝑠 −
+

𝑆𝑜𝑙𝑖𝑑𝑠 𝑡
ℎ⁄

% 𝑆𝑜𝑙𝑖𝑑𝑠
−

𝑆𝑜𝑙𝑖𝑑𝑠 𝑡
ℎ⁄

𝑆𝑝𝑒𝑐𝑖𝑎𝑙 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝐿𝑖𝑞𝑢𝑖𝑑𝑠 −
 

Formula 22 

The solid and liquid special gravity in the formula above is a dimensionless number. The size 

of the tank is then estimated by multiplying the volume flow of the slurry by the retention 

time. 

𝑇𝑎𝑛𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 × 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

Formula 23 

The book Mineral Processing Plant Design and Control by Mular and Bhappu (1978) is 

treating this area where the estimated volume is found by an effective volume factor. The 

value of the effective volume factor in the literature is 0.92 and will also be used for this 

calculation. 

The expected processing ore mass flow of 1800 t/h and a specific gravity of the ore and acid 

of 2.8(EduMine, n.d.) and 1.84(chemicalland21, 2013) is assumed. The retention time is set 

to 24 h resulting in a tank size requirement of 2 700 m3. This need is met by using 8 a´342 m3 

tanks based on information from Jixiang, see info in Table 1, Appendix 3.  The power 

requirement for each tank is 22 kW(Jixiang, 2013). 

In order to achieve a liquid-solid separation after the alkaline leaching it is possible to use a 

separation screen. No high capacity screens were found suitable so 24 smaller ones with a 

capacity of 80 t/h were selected. Each screen had here a power requirement of 3.7 kW, see 

Table 2 in Appendix 3(Lipu, 2013). 

The separated liquid is continuing to a solution concentrator while the solid containing 

vanadium is transported to the roasting. The path of the solution will first be followed to then 

return to the process steps of the solid. 

The type of equipment expected to be used in the solution concentration is a thickener. One 

that is considered appropriate here is 3030 t/h thickener with a power requirement of 15 kW, 

see Table 3 in Appendix 3(DH, 2013a). About 4 thickeners are expected to fulfil the need.  

After the concentration stage is the operation of uranium precipitation. During precipitation 

stage no noticeably energy is supplied and therefore it will be neglected in the estimate. 



 48   

After the uranium precipitation is another liquid-solid separation. The same type of 

equipment is used here as in the first l/s separation. This time it is expected that 6 units will 

fulfil the need. 

Ion exchange is the following stage and the last before molybdenum recovery. For the same 

reasons as for the uranium precipitation is the energy input here assumed to be negligible. 

The roasting stage of the process is assumed to deliver energy to the process plant. Here it is 

common to install a gas turbine after the roasting furnace. In the Viken report(P & E Mining 

consultants inc. et al., 2010) is the gas turbine expected to produce 218 kWh electricity per 

ton of roasted shale. The energy obtained from the roasting process would easily cover the 

processing energy demand where even the ability to sell excess electricity exist.  

The size of the tank for vanadium leaching is determined in the same way as earlier. The 

required tank size here is 194 m3. A 22 kW tank from Jixiang(Jixiang, 2013) is expected to 

fulfil this need.  

In order to achieve a liquid-solid separation after the vanadium leaching it is possible to use a 

separation screen. 11 smaller ones with a capacity of 80 t/h were selected for this purpose. 

Each screen had here a power requirement of 3.7 kW, see Table 4 in Appendix 3(Lipu, 2013). 

As for the ion exchange associated with molybdenum recovery is energy input here assumed 

to be negligible. 

 

Mass transport 

The ore feed from the mining is expected to be transported by conveyor. The rest of the mass 

transportation in the process is assumed to be done by different type of pumps, mostly slurry 

pumps. All selected conveyors and pumps are listed in Appendix 3. In Appendix 3, Table 7 is 

the first conveyor expected to be provided from the manufacturer Yiding(Yiding, 2013) and 

the needed pumps in Table 8 – 25 is provided from a company called HSA(HSA, 2013). 
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3.5 Ash 

Using ash as a source for vanadium extraction opens the possibility to actually help the ash 

producer, for example the owner of a heating plant. Today, most of the heating plants pay 

money to special companies in order to take care of their ash. Since the ash is containing 

toxic substances, these companies need to detoxify the ashes before adding it to landfill. If 

the amounts of valuable metals are high enough and if it is possible to extract them at a 

reasonable price, it may be profitable to extract on an industrial basis. 

Fortum is one of Sweden’s largest heat producing companies and have heat plants in the 

Nordic countries, Poland, Russia, the Baltic countries and Great Britain(Fortum, 2013). 

Harald Svensson at Fortum, Sweden was interviewed in order to find out what they do with 

the ash and the content of it. The ash of interest is first of all ash from fossil fuels like oil and 

coal. Harald explains that this type of production is limited and that the coal ash from their 

PFBC (pressurized fluidized bed combustion) boilers is 35 000 ton/year fly ash and 6 000 

ton/year bed ash. He is mentioning that it is possible to see from the ash analyses that the 

vanadium content in cyclone ash (representing most of the fly ash) is approximately 80 

mg/kg. Another ash mentioned is that from bio-oils i.e. oils of vegetable or animal origin. The 

vanadium content in this ash is 6 410 mg/kg.(Svensson, 2013)  

The full analysis of the bio-oil containing 6 410 mg/kg can be seen in Table 1, Appendix 4.  
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3.5.1 Process Design and Preliminary Cost Estimate 

As in the case of ore a preliminary cost estimate will be made. The dimensioning of the 

process will also have a real full-scale process as reference in order to make the study as 

realistic as possible. The process that will function as a model was developed by the company 

Canadian Petrofina Ltd. A flow sheet of the process is illustrated in following figure. 

 

Figure 15: Flow sheet ash extraction process(Gupta and Krishnamurthy, 1992) 

The original process used Venezuelan crude oil with a vanadium content of about 130 ppm 

and was used in large scale production.(Gupta and Krishnamurthy, 1992) 

Capital costs 

Before dimensioning of the process components, one needs to specify a production rate. The 

production rate for this system will be set to an ash mass flow of 1 ton/h corresponding to 

about 8500 ton/year. The relationship between the H2SO4 volume and the mass of the ash 

will be set to 7:1. That is, for every ton of ash 7 m3 H2SO4 will be used. This ratio is used in the 

article described in section Source Processing Articles. It is possible that the ratio is not 

optimal for ash from other type of oils, e.g. from bio-oils. Since no test has been found for 

bio-oil ash, this ratio will be used for the bio-oil calculations as well. The density of fly ash is 

approximately 1.1 – 1.2 t/m3(Cement, 2009) which results in a total volume flow of just less 

than 8 m3/h. 

The first component to dimension is the extraction vessel. As for the leaching tanks in the ore 

process will the tank size be determined from the slurry (ash and acid) volume flow and the 

retention time. 

𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 = 𝑠𝑜𝑙𝑖𝑑𝑠 𝑚3

ℎ⁄ + 𝑙𝑖𝑞𝑢𝑖𝑑𝑠 𝑚3

ℎ⁄  

Formula 24 

Rewritten 
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𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 =
𝑆𝑜𝑙𝑖𝑑𝑠 𝑡

ℎ⁄

𝑆𝑝𝑒𝑐𝑖𝑎𝑙 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑆𝑜𝑙𝑖𝑑𝑠 −
+

𝑆𝑜𝑙𝑖𝑑𝑠 𝑡
ℎ⁄

% 𝑆𝑜𝑙𝑖𝑑𝑠
−

𝑆𝑜𝑙𝑖𝑑𝑠 𝑡
ℎ⁄

𝑆𝑝𝑒𝑐𝑖𝑎𝑙 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝐿𝑖𝑞𝑢𝑖𝑑𝑠 −
 

Formula 25 

The size of the tank is then estimated by multiplying the volume flow of the slurry by the 

retention time. 

𝑇𝑎𝑛𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑆𝑙𝑢𝑟𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 × 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

Formula 26 

In the same way as for the tank volume in the mining energy section, is an effective volume 

factor of 0.92 used.  

By using the expected processing ash mass flow of 1 t/h and a specific gravity of the ash and 

acid of 2.10(Cement, 2009) respectively 1.84(chemicalland21, 2013)  is the slurry volume per 

hour estimated to 7.9 m3. The retention time is set to 1 h (same as in Recovery of vanadium 

from a previously burned heavy oil fly ash from section 1.4.4.6) which leads to a tank size of 

7.9 m3. By dividing the tank size by the effective volume factor is the required tank size found. 

The extraction vessel needs to keep the pressure and some special arrangement. The price for 

a vessel of this kind and size is about 500 000 SEK(Wallin, 2013). 

The pumps needed for the process is assumed to be centrifugal pumps of chemistry standard. 

It would also be possible to use a progressive cavity pump. The price for this type of pump is 

about 50 000 SEK(Wallin, 2013) and since normally two pumps are installed at each pump 

station (one in stand-by), the price is approximately 100 000 SEK at each position. 

The fly ash filter is assumed to be of a belt filter type. A dewatering filter for the leaching left 

overs with washing of the filter cake. A belt filter of this type and size required, including 

vacuum station and other necessary equipment costs about 4 000 000 SEK(Wallin, 2013). 

From Figure 15 describing the process schedule is it possible to see two types of tanks. A 

simpler kind of tank type functioning as a storage- and chlorate tank and a more advanced 

tank, equipped with agitation, positioned later in the process schedule.  

The first two tanks of a simpler design would cost about 100 000 SEK/unit and the more 

advanced, where NH3 is added to the tank and the tank before the drum filter, would cost 

approximately 200 000 SEK/unit.(Wallin, 2013) 

After the last centrifugal pump in the process schedule is a V2O5 drum filter located. 

According to Mikael Wallin it would probably be necessary to install a thickening stage before 

the drum filter. This type of equipment, cost approximately 2 000 000 SEK(Wallin, 2013). 

The drum filter itself costs about 2 500 000 SEK(Wallin, 2013). 

As mentioned earlier in this chapter, the system is dimensioned for an approximate volume 

flow of 8 m3/h. The dryer that is selected in this process is provided from the company 

Hengjia and costs 100 000 SEK(Hengjia, 2013). 
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The purpose of the hopper, located before the fusion furnace, is to collect the dried 

composition before it is fed into the fusion furnace. The hopper chosen here is from the 

company Yikai and is dimensioned for volume flows in the range 10 to 500 t/d, which should 

be suitable for this system. The price is about 70 000 SEK(Yikai, 2013). 

The purpose of the fusion furnace is to melt down the V2O5 powder. When the melted powder 

has been cooled, using for example a casting wheel, the solidified material breaks into flakes 

and can easily be handled for transportation.(Horn & CO, 2006) Since the furnace is one of 

the most expensive and energy demanding units in the ash extraction process a number of 

local companies were contacted, such as Sarlins Furnace, Ugnsbolaget Tabo and ABB 

Metallurgy. This in order to get such a good and realistic energy demand and price of the 

furnace as possible. Neither of them had experience in this type of furnace and therefore 

could not contribute with any information. A fusion furnace was however found online from a 

manufacturer named Shuang Ling. The furnace is recommended for aluminium, copper, 

iron, steel but is also considered to be applicable to vanadium oxide. The price is about 1 

400 000 SEK(Ling, 2013). 

The process in the above figure, Figure 15, that serves as example was as mentioned used by a 

company called Canadian Petrofina. The ash here came from crude oil and the process 

extracts about 90% of the vanadium contained in the ash to vanadium oxide. The vanadium 

oxide obtained is though only 50% of the vanadium contained in the crude oil from the 

beginning. This since portions of vanadium concentrated in the oil produces waste products, 

asphalt for example.(Gupta and Krishnamurthy, 1992) 

Operating costs 

In this early stage of a project, there are several ways to calculate the operating costs. The 

operating costs of the mining were estimated from a function, based on the production rate. 

It is also possible to estimate the operating costs by a comparison with similar projects. This 

will be done in this case. The similar project that will work as a reference is made by Metso 

commissioned by Norske Sivilingengörers Förening. The project treated washing and 

separation of soil and had approximately the same size and components as the ash process. 

The capital cost of that process was 25 000 000 NOK (about 28 600 000 SEK).(Wallin, 1995) 

The capital costs were here divided into three categories: 

 Labour 

 Energy 

 Other 

 

The labour cost is the cost of labour for monitoring, transport materials, operations 

management and other maintenance. The reference project had 1 500 h/year of operating 

time. The working force for this was expected to be: 

Monitoring - 2 persons 

Material transportation - 1 person 

Operations management – 3 persons 
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Since the ash plant dimensioned is expected to run 8 500 h/year is more people expected to 

be needed for monitoring and material transportation. For these positions is the need 

expected to increase constant with the operating time. The personnel requirement for 

operations management is not expected to be higher than the reference project even if there 

is an increase in operating time. Following working force will then be expected: 

Monitoring - 12 persons 

Material transportation - 6 persons 

Operations management – 3 persons 

The average labour cost is expected to be 500 000 SEK/person, year. 

The cost of energy is estimated by taking the total energy demand times the operating time (8 

500 h) times the electricity price. The plant is not expected to have an extra heating demand. 

The electricity price is assumed to be 1.0 SEK/kWh(elprisguiden.se, 2013). 

In the category “other” is costs for chemicals, maintenance and consumables.  

Production cost of vanadium oxide 

The production cost per kg of vanadium oxide will be calculated by the net present value 

method for the operating costs and then adding the investment cost in order to find the 

annuity. From the annuity and the produced vanadium oxide will the cost in SEK/kg be 

estimated. A sensibility analysis will be made with varying discount rate, operating time, 

vanadium content of the ash and labour cost. In the estimation is the rest value of the plant 

assumed to be zero. 

3.5.2 Energy Estimation Ash extraction 

The energy estimation from the ash extraction process will be done in a similar way as for the 

ore extraction process. The ash extraction process is not as extensive and do not have as 

many components as the ore extraction process. As mentioned in the process design and 

preliminary cost estimation was Mikael Wallin at Metso involved in the design of 

components and quotation which also forms the basis for this calculation. The fact that 8500 

ton ash is expected to be processed per year is the parameter that will essentially dimension 

the process and its components. As the database of Metso's product search, at the time of 

performance of the work was not in operation, could not the accurate component data sheets 

be provided. The components were instead selected from various different manufacturers. 

The selected products are found in Appendix 5. 

The extraction vessel is thus a 10 m3 tank where the primary energy is consumed by the 

agitator. The extraction vessel serving as a reference here(Jufeng, 2013) is a little smaller 

than the dimensioned one but fulfil the other criteria regarding pressure, etc. and it is 

assumed that two units are used to meet the need. 
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The centrifugal pumps will be assumed to be the same all over the process which is also 

realistic since the pumps will handle roughly equal flow and type of solution. Although two 

pumps will be installed in each station will it in this energy calculation only be adopted when 

operating one at the time (the other pump primarily acts as a backup).The pumps is obtained 

from the manufacturer Ocean(Ocean, 2013). 

Next operation stage in the process scheme is the fly ash filter. The filter area here is as 

mentioned expected to be 5 m2. The manufacturer HS delivers a filter suitable for this 

purpose.(HS, 2013) In order for the filter to work properly a vacuum pump, which is very 

energy intensive, is used in interaction with the filter (HS, 2013). 

The first two tanks in the process schedule, the storage tank and chlorate tank, is expected to 

not use any energy, or at least very little which makes it negligible. The following two tanks, 

containing NH3 and the slurry tank is energy intensive, mainly due to its agitation. The 

agitators come from Ding Xin and have the ability to work in the speed range 3-10 rpm.(Xin, 

2013) 

In the previous section it was assumed that it is probably necessary to have a thickener before 

the drum filter. A thickener suitable for this purpose is obtained from the manufacturer 

DH(DH, 2013a). 

The drum filter is expected to be suitable for the process is from the manufacturer 

Tongxin(Tongxin, 2013). 

The dryer, located after the drum filter in Figure 15, is a little bit more energy intensive and is 

also obtained from DH(DH, 2013b).  

As for the first two tanks, the hopper is assumed to not use (or at least use very little) any 

energy and the energy demand will be negligible for this operation stage. 

As mentioned in previous section, the selected furnace is manufactured from the company 

Shuang ling. The data sheet of this furnace specifies an energy demand of 40 kWh per ton 

processed. This is for a furnace with a capacity of 25 ton. 

3.6 Flow Battery Price 

As mentioned in the section “Flow Batteries Today and Tomorrow” does the vanadium cost 

account for about 70% of the total cost of a vanadium flow battery.(Dahlquist, 2013) It will 

here be investigated how the total production price of a vanadium flow battery is influenced 

by the price of vanadium. This comparison is interesting in order to get an idea of  the impact 

from the vanadium prize and why it is so interesting to see if the price can be reduced. A 

graph will be used for illustrating the battery production cost as a function of the vanadium 

price. 
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3.7 Flow battery as a part of an energy system 

A possible application where one could see flow batteries as part of an energy system is in so-

called hybrid systems. A hybrid system is especially suitable for locations that are difficult to 

access or in other ways are inconvenient for grids. The electricity needs of the site may be 

used for a shorter period of time or just for a few months each year. A good example here 

could be a holiday cabin. 

It is not set a fixed layout for how a hybrid system containing flow batteries should look like. 

It depends on what is considered appropriate for the specific purpose and what kind of 

energy sources that is available. Different system solutions where a flow battery could be 

suitable are possible. Here will one solution, considered particularly good, be studied more 

thoroughly. 

The system will include a flow battery, photovoltaic cells, electric loads and some electric 

equipment, necessary for the system to work. 

In order to identify the most important parameters for the system is it assumed to be 

operating at a Swedish holiday cabin and provide the cabin with electricity during the 

summer months June to August. Possible loads that the system will supply with electricity 

are for example a TV, a refrigerator, a stove and light. 

The magnitude of the power demand is not relevant in this case since the area of the 

photovoltaics can be scaled after desired power output. What is more interesting is the 

relation of the solar radiation during summer months. The incoming solar radiation during 

these months will look something like Figure 16. 

  

Figure 16: Example of global solar radiation in Stockholm, Sweden(Stridh, 2012) 

The magnitude of the incoming solar radiation in Sweden peaks in June followed by a 

decrease for the two following months. The difference of irradiation between June and 

August can be minimized by optimizing the tilt of the photovoltaic cells.  

The basic criteria’s for investigating critical parameters in a hybrid system is now set out. In 

order to find these parameters accumulated knowledge and understanding gathered while 

writing and collecting data for the literature survey of this report will be used.  

0

200

400

600

800

1000

1200

1400

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
ad

ia
ti

o
n

[W
/m

2
] 



 56   

4 RESULTS 

4.1 Costs / Investments 

4.1.1 Cost of Mining Project 

Result from the order of magnitude estimation: 

From the assumptions described in the previous chapter and use of formula 11 give the result 

that the cost of a 1 million ton shale processing plant will be about 694 million US $. 

Result from the preliminary cost estimation:  

The result of the calculation of the preliminary cost is expressed in a capital cost and 

operating cost per day of operation and is shown in Table 10 and Table 11. 
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Table 10: Estimated capital costs of the mining project 

Capital cost of mining project 

Clearing cost[$] 380 820 

Waste stripping costs[$] 36 472 907 

Drilling equipment cost[$] 2 031 169 

Cost shovels and loading equipment[$] 34 950 579 

Cost of trucks and accessory road maintenance equipment[$] 28 920 491 

Cost of open pit maintenance facilities[$] 6 821 169 

Cost of communications/electrical[$] 749 644 

Cost of fueling system[$] 253 795 

Clearing costs[$] 476 025 

Access roads[$/mile] 1 380 073 

Cost of soil stripping 0 

Cost of mass excavation[$] 0 

Excavation and fill compaction 0 

Approximate concrete foundation costs[$] 9 993 697 

Concentrator building costs[$] 26 165 810 

Cost of gyratory crusher[$] 1 663 800 

Cost of primary crushing plant[$] 42 419 842 

Cost of fine or crushing plant[$] 50 903 810 

Cost of grinding and bins[$] 58 255 720 

Process capital cost (uranium ores)[$] 3 541 505 780 

Minimum tailings storage cost[$] 6 662 465 

Cost of fill recovery and storage[$] 12 725 952 

Cost of water supply system[$] 13 588 434 

Cost of substation[$] 5 398 320 

Cost of surface power distribution[$] 10 703 566 

Cost of diesel-electric plant[$] 52 420 698 

Cost of office[$] 424 709 

Cost of shop[$] 397 918 

Change house cost[$] 266 729 

Surface warehouse cost[$] 656 395 

Miscellaneous surface facilities[$] 3 326 090 

Direct costs[$] 3 949 916 406 

    

Engineering costs[$] 11 068 204 

General site costs[$] 17 630 402 

Project supervision costs[$] 8 662 073 

Administration costs[$] 7 218 394 

Total capital costs[$] 3 994 495 477 
 

The total capital cost in Table 10 is shown in US $ and the corresponding value in SEK is 

about 26.5 billion SEK. From the table above is it possible to see some items with no cost. 

This is the costs for soil stripping, mass excavation and excavation and fill compaction. The 
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reason why these items are without cost is since not enough input data are available from the 

Viken project to determine them. 

Table 11: Estimated annual operating costs of mining project 

Operating costs of mine and mills 

Shrinkage stoping costs[$] 141 708 

Cut and fill stoping costs[$] 179 561 

Fill distribution[$] 62 216 

Long hole stoping costs[$] 155 296 

Fill distribution for bulk filling long hole stopes[$] 121 325 

VCR stoping costs[$] 33 936 

Room and pillar stoping cost[$] 82 501 

Sublevel caving costs[$] 111 619 

Block caving costs[$] 101 913 

Drilling cost per day[$] 5 373 

Blasting cost per day[$] 8 965 

Loading cost per day[$] 7 551 

Haulage cost per day[$] 17 539 

General service cost per day[$] 6 455 

Crushing cost per day[$] 7 668 

Fine crushing cost per day[$] 12 230 

Grinding section cost per day[$] 40 375 

Processing cost (uranium ore leaching) per day[$] 535 584 

Cost electrical power[$] 91 756 

Service cost per day[$] 17 186 

Total cost per day for admin. & technical salaries[$] 13 419 

Total daily costs[$] 1 754 176 
 

The total operating costs in Table 11 above, is shown in US $ and the corresponding value in 

SEK is about 11.6 million SEK. 

  



 59   

Sensibility analysis of the result: 

Using the same calculation program as in the previous calculation and assuming that the 

income decreases linearly with respect to the production rate, an annual cumulative cash flow 

of -761 million US $ is obtained. The economic relations of the equipment are not linear and 

with a lover production rates is the incomes exceeded by the costs. Due to this will the result 

above be used in the comparison. By varying the operational time Figure 17 and Table 12 

displays the production cost of the vanadium metal. 

 

 

Figure 17: Sensitivity Graph – Cost at varying operating time and discount rate in SEK/kg 

 

Table 12: Sensitivity Table – Cost at varying operating time and discount rate in SEK/kg 

 
Operating time[years] 

       Discount rate[-] 155 0.040 0.05 0.060 0.065 0.070 0.08 0.100 

 
15 153 160 167 170 174 181 197 

 
20 136 143 150 154 158 165 182 

 
25 126 133 141 144 148 157 174 

 
30 119 127 135 139 143 152 170 

 
35 115 122 131 135 139 148 167 

 
40 111 120 128 133 137 146 166 
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4.1.2 Cost of Ash Processing 

The total machinery/equipment cost are estimated and summarized in Table 13. An expected 

investment cost of a complete plant is obtained by multiplying the machinery costs by a 

factor three(Wallin, 2013). Complete plant cost will in this case include machines, 

instruments, valves, piping, automation and electrical installation, service plan, stairs, 

documentation, manuals, installation, commissioning and training of operational staff. The 

cost of building and concrete foundations is not included in this price. The total price for the 

dimensioned plant will be about 29 million SEK. 

Table 13: Ash equipment price table 

Component Price[SEK/unit] Quantity[unit(s)] Price[SEK] 

Extraction Vessel(Incl. Constr. Hours) 500 000 1 500 000 

Pumps(centrifugal) 50 000 10 500 000 

Fly ash filter(incl. Vacuum station) 2 000 000 1 2 000 000 

Storage tank 100 000 1 100 000 

Chlorate tank 100 000 1 100 000 

Slurry tank 200 000 1 200 000 

Tank with agitator 200 000 1 200 000 

Thickening stage 2 000 000 1 2 000 000 

Drum filter 2 500 000 1 2 500 000 

Dryer 100 000 1 100 000 

Hopper 70 000 1 70 000 

Furnace 1 400 000 1 1 400 000 

Sum 
  

9 670 000 
 

The costs for other will here be expected to be the same as for the reference project, 

1 140 000 SEK.  

The operating cost necessary to conduct operations is expected to just over 12.6 million SEK. 

This is illustrated in Table 14. 

Table 14: Operating costs ash production 

Operating cost in SEK/year 

Labour 10 500 000 

Energy 973 250 

Other 1 140 000 

Sum 12 613 250 
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Sensibility analysis of the result: 

The different scenarios resulting from varying ash content operation time and labour cost are 

displayed in Figure 18 to 20 and Table 13 to 17. A standard case from Figure 18 could be that 

a discount rate of 5 % together with an ash content of 3 % is expected. The production price 

of vanadium metal would then be about 68 SEK/kg. Basically is the production price 

increasing in proportion with a decrease in ash content. 

 

Figure 18: Sensitivity Graph – Production cost at varying ash content and discount rate in SEK/kg 
(operating time of 20 years) 

The graph for 0.08 % ash (80 mg/kg) will not be illustrated in Figure 18 since the production 

cost is so high. It can however be seen in Table 15. 

Table 15: Sensitivity Table – Production cost at varying ash content and discount rate is SEK/kg 
(operating time of 20 years) 

 

Ash 
content[%] 

       Discount rate[-] 204 0.040 0.05 0.060 0.065 0.070 0.08 0.100 

 
0.008 24 922 25 444 25 979 26 252 26 527 27 087 28 239 

 
0.641 311 318 324 328 331 338 352 

 
1 199 204 208 210 212 217 226 

 
3 66 68 69 70 71 72 75 

 
5 40 41 42 42 42 43 45 

 
8 25 25 26 26 27 27 28 

 
12 17 17 17 18 18 18 19 
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Figure 19: Sensitivity Graph – Production cost at varying operating time and discount rate in 
SEK/kg (vanadium oxide content of 3 %) 

Table 16: Sensitivity Table – Production cost at varying operating time and discount rate in 

SEK/kg (vanadium oxide content of 3 %) 

 

Operating 
time[years] 

       Discount rate[-] 68 0.040 0.05 0.060 0.065 0.070 0.08 0.100 

 
10 73 74 75 76 77 78 81 

 
15 69 70 71 72 73 74 77 

 
20 66 68 69 70 71 72 75 

 
25 65 67 68 69 70 71 74 

 
30 64 66 67 68 69 71 74 

 
35 64 65 67 68 69 70 74 

 
40 64 65 67 67 68 70 73 
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Figure 20: Sensitivity Graph – Production cost at varying labour cost and discount rate in SEK/kg 
(vanadium oxide content of 3 %, operating time of 20 years) 

Table 17: Sensitivity Table – Production cost at varying labour cost and discount rate in SEK/kg 
(vanadium oxide content of 3 %, operating time of 20 years) 

 
Average labour cost[SEK/unit, year] 

      Discount rate[-] 68 0.040 0.05 0.060 0.065 0.070 0.08 0.100 

 
30 000 22 23 24 24 25 26 28 

 
50 000 24 25 26 26 27 28 30 

 
100 000 28 29 30 31 32 33 35 

 
300 000 47 49 50 51 51 52 55 

 
500 000 66 68 69 70 71 72 75 

 
700 000 85 87 89 89 90 92 95 
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4.2 Energy Demand from Extraction Processes 

4.2.1 Energy Demand Mining 

In Table 18 the power demand from summarizing all unit operation- and the mass 

transportation equipment is presented. 

Table 18: Total power demand at mining unit operations 

Component Tot. power demand[kW] 

Grinding equipment 33000 

Leaching 198 

Separation 137 

Concentration 15 

Precipitation 0 

Ion Exchange 0 

Conveyors 30 

Pumps 2819 

Sum 36199 
 

The total power demand for the mining process is expected to be about 36 MW.  

The result of the modeled process connecting a gas turbine to utilize the flue gas from the 

roast furnace, with the necessary components required to make it possible to simulate, is 

illustrated in Figure 21. 

 

Figure 21: Screen shot of the simulated combined cycle and result table from Ebsilon Professional. 

From the result table to the right is it possible to see that the process give a net electricity 

production of 22 MW and a heat transfer to the condenser of  about 29 MW when solids from 

feed is about 93 ton/h. 
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4.2.2 Energy Demand Ash Processing 

The summarized power demand for the entire process is shown in the table below. As can be 

seen, the power demand for all components is 115 kW. This applies with a production rate of 

24 ton per day (about 1 ton per hour) and when the plant is operating 8500 h/year. 

Table 19: Ash process components and power demand 

Component Power demand[kW] Quantity[unit] Tot. power demand[kW] 

Extraction Vessel(Incl. Constr. Hours) 5.5 2 11 

Pumps(centrifugal) 1 5 5 

Fly ash filter(incl. Vacuum station) 33 1 33 

Storage tank 0 1 0 

Chlorate tank 0 1 0 

Slurry tank 2.2 1 2 

Tank with agitator 2.2 1 2 

Thickening stage 1.1 1 1 

Drumfilter 5 1 5 

Dryer 15 1 15 

Hopper 0 1 0 

Furnace 40 1 40 

Power demand 
  

115 
 

The total power demand in the ash extraction circuit is expected to be 115 kW. This number is 

obtained by summarizing all the units. This is illustrated more in detail in Table 19. The 

annual energy demand is estimated to be 973 250 kWh. 

  



 66   

4.3 Flow Battery Price 

In Figure 22 is the battery production cost is shown as a function of the vanadium price.  

 

Figure 22: Battery production cost as a function of vanadium production cost  

The relationship between flow battery price and vanadium price can approximately be 

described with a linear equation. This is illustrated in Figure 22. If, for example, it would be 

possible to decrease the vanadium price to 70 % of current price would the battery 

production price be about 80 % of the current price. 

4.4 Flow batteries as a part of an energy system 

The following PV hybrid system was chosen to act as an example of where flow batteries can 

be a part of an energy system: 
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Figure 23: Photovoltaic hybrid system(Go Solar Green NY, 2012) 

The main components in this system are: the photovoltaic cells, the primary producer of 

electricity to the system; a charge controller protecting the battery from overcharging or 

overvoltage; a generator, functioning as a secondary producer of electricity to the system – 

(possible fuel types here can be diesel or wood for combustion in a boiler.); an inverter, 

needed depending on if the secondary electricity producer is providing a direct or alternating 

current; a flow battery functioning as the energy storage in the system.  

From the PV hybrid system(Kellogg et al., 1998, Goffman, 2006, Go Solar Green NY, 2012) 

has the following parameters been identified as critical: 

- The ability of the photovoltaic cells and the energy storage to deliver a good performance with 

time 

- The ability of the energy storage to handle the irregular power input 

- A reasonable lifetime for the system, especially photovoltaic cells and energy storage 

- Ability to store enough energy and a low self-discharge of the energy storage  
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5 DISCUSSION 

The processes that were selected to serve as an example for similar projects previously in 

Sweden, were the project in Ranstad and SOTEX process. Both these projects/processes 

seem relevant and are expected to be fine as basis for research. Something that both 

processes had as common factor was that the company MEAB was involved in both projects. 

This could mean that the company has extensive knowledge and experience in the field and 

could be a strategic partner in the construction of any of these types of vanadium extraction 

processes. The fact that the company currently is discussing some similar projects is evidence 

for that this is a timely topic that is highly relevant. 

The different extraction methods that were investigated in the section Source processing, are 

from relatively recent studies. This applies to all the articles examined. When the information 

gathering began, relatively much was found in the area. This could be a sign that the topic of 

vanadium extraction is currently of interest and operators around the world are interested in 

setting up similar projects. Sulfuric acid is used in all of the mentioned leaching methods and 

proves to be effective. The highest efficiency obtained when leaching shale occurs with the 

addition of NH4F, which is 92%. An efficiency of 90% is obtained when pressurizing the 

leaching and NH4F is not present. Leaching of oil fly ash is really efficient with an efficiency 

of a little bit less than 99%. One may have in mind concerning all the experiments reffered to 

that they are conducted in a laboratory environment and are probably not as effective at 

industrial scale. The property of sulfuric acid, that it is effective in vanadium leaching, could 

be a good choice in some processes since the sulfuric acid is relatively inexpensive. The 

highest leaching efficiency obtained from the leaching of slag is 95 %. In section 1.4.3.3 

(vanadium existents) it is clarified in what concentrations vanadium can occur in the 

different sources. The containment of slag for example varies widely where vanadium content 

up to 25.1 g/kg was found in the investigated literature (Appendix 1). The vanadium content 

in the different shale examined was also varying where the highest was 3.26 % (vanadium 

oxide). It is thou stated by Gupta and Krishnamurthy (1992) that a content of 700 mg/kg is 

possible. 3.8 % was the highest vanadium content in oil fly ash and 11.7 % in orimulsion fly 

ash. The vanadium content in the bio-oil of 6 410 mg/kg will probably not be profitable to 

extract alone, maybe if it is extracted together with other metals. The leaching efficiency for 

all sources has the potential to be effective making the availability more important in 

determining what process to choose.  

The original intention was to compare the different extraction processes side by side where 

the same amount of vanadium is extracted. This was found not to be entirely unproblematic. 

At the start of mining, investment costs are so high that a specific amount of production must 

be met in order to make a profit. The processing rate of 1 million tons of shale per year that 

was originally thought to be investigated was thus found to be too low and not economically 

feasible. For both extraction methods, it is of course a number of external factors that 

influence in order to be able to apply the process. When it comes to mining would very few 

say that it would not be profitable to establish the business, but the biggest problem for the 

company that wants to establish the mining operation is to get permission from the state and 

municipalities. Arguments often pressed extra on by firms are all the jobs that are created 

and all the positive effects that it gives the surrounding community. Not only the increased 
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tax revenue, but also increased revenue for local businesses for example. The main 

contradiction found from municipality and land owners are that they are afraid of pollution 

associated with the expansion of the mining operations and to devastate the landscape where 

the operation takes place. There are historically terrible examples of areas and nearby nature 

that are devastated due to unprofessional restoration. In principle, all companies that want to 

establish some kind of mining is today providing a recovery plan in connection with the 

design and deploy capital in order to be able to restore the site. Another possible 

contradiction one might imagine from the municipality and the state is that as in the case of 

CPM's establishment, do not want foreign companies to come and make a profit from 

Swedish resources. It is possible that Swedish companies such as LKAB would be treated 

more favourably. It should be noted that this is only speculation. In the case of vanadium, it's 

more the rule than the exception to also extract other metals. In such cases where other 

metals are nuclear fuels such as uranium or plutonium, conflicts can also arise here due to 

the country's approach to the mining of nuclear fuel. 

Figure 17 illustrates the production cost of vanadium metal in SEK/kg and displays different 

scenarios with different discount rates and operating time. In the Viken project is the base 

scenario set to 16 years of operating time and a discount rate of 5 %. The curve at the top in 

the figure illustrates the production price at an operating time of 15 years. One can see that 

the price varies from 153 to 197 SEK/kg when varying the discount rate between 4 to 10 %. 

The price of vanadium metal is, as can be seen in section 1.4.3.4 about 33 $/kg (220 SEK/kg). 

If the mine life time could be extended is the production price decreasing significantly. 

The economic calculations for the extraction from ash do not follow any known previous 

calculations for this kind of process but the process components have been dimensioned 

based on the specified production streams. This result is also considered realistic since 

Mikael Wallin who work with this type of projects has been consulted for the in dimensioning 

and pricing. The approach to multiply by a standard value in order to estimate the complete 

plant price (including machines, instruments, valves, piping, etc.) might be considered 

unreliable, but it is common to make this assumption in reality so early in the investigations. 

The plant could, at great access of ash, be sized larger which should bring down the cost per 

ton of produced vanadium oxide. The main factors that determine whether it is possible to 

achieve profitability in the vanadium recovery from the ashes is its vanadium content, the 

available quantities, its price and the cost of labour. As revealed from the interview with 

Harald Svensson no large amounts of ash from fossil fuels are produced in Sweden today. 

The best way might be to explore the market more carefully in countries that still use fossil 

fuels more consistent like Poland. The ash samples from vegetable fuel also proved to contain 

high contents of vanadium, which makes it possible to find profitability. The price of the ash, 

if it is free or whether one might even get paid to take care of the ashes are also factors that 

can influence whether it is possible to gain profit or not. As mentioned in the Ash section, is 

for example Fortum paying to get rid of their ash that is sent to a landfill. One should not just 

blindly focus on the possibility to make profit since one might even make the community a 

favour by purifying ashes from metals which could eventually become threats to the 

environment since it is a risk that a leakage occurs from landfills. The plant extracting ash is 

dimensioned to process approximately one ton ash per day and is expected to have labour 

working shifts. Adjustments can probably be made to reduce production costs by for 
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example, not run the plant throughout the day and instead make the processing capacity 

larger and only run it day time. To automate the process could be a way to not make the 

results as dependent of the cost of labour. 

Figure 18 illustrates the production cost of vanadium oxide in SEK/kg and displays different 

scenarios with different discount rates and ash content. The operating time is set to 20 years. 

One can see that from an ash content of 3 % vanadium oxide is the price varying from 66 to 

75 SEK/kg when varying the discount rate between 4 to 10 %. The price of vanadium oxide is 

about 100 SEK/kg (see section 1.4.3.4). One can see if the ash content is as high as from the 

orimulsion burned fly ash (12 %) would the production price be one fifth of the current 

market price. In Figure 19  is the vanadium oxide content in the ash set to 3 %. The operating 

time and discount rate are functioning as variables. From this figure it is possible to see a 

strong reduction in production price if the operating time increases from 10 to 20 years. The 

price also decreases for longer operating time but not as sharply. In figure 19 is the effect 

from labour cost investigated. This is interesting to compare in order to see how it would 

affect the result by placing the plant in a country with lower labour costs. The line 

representing 500 000 SEK/year shows the production cost from a normal salary, for this type 

of job, in Sweden. The line representing 30 000 SEK/year shows corresponding cost if the 

production was in China and the labour had a Chinese salary for this kind of job. One can 

easily see that the production cost decreases significantly by using Chinese labour and even if 

their salary would rise up to 100 000 SEK/year (an increase by 233 %) would the production 

cost still be less than about half of the corresponding production cost in Sweden. 

Comparing the production cost for a standard case one could examine how much cheaper it 

would be to produce itself. Taking the standard case of the mining with a discount rate of 5 % 

and a lifetime of 16 year results in a vanadium metal production cost of 155 SEK/kg. The 

price of vanadium metal is 220 SEK/kg making the production cost about 70 % of the price. 

Setting the standard value of the ash production to an ash content of 3 %, an operating time 

of 20 years and a discount rate of 5 % results in a vanadium oxide price of 68 SEK/kg. The 

price of vanadium oxide is approximately 100 SEK/kg making the production cost about 68 

% of the price.  

The production price of a flow battery and how it is affected by the vanadium price is 

illustrated in figure 20. As earlier mentioned is today vanadium corresponding to about 70 % 

of the total battery production cost. The chosen standard cases of both extraction methods 

showed a production cost of about 70 % of the market price. From Figure 22 it is possible to 

see that that the battery production cost would be about 80 % of its present cost today. Using 

Chinese labour and an annual salary of 30 000 SEK could reduce the battery production cost 

to about 50 % of its present cost today. 

The unit operation with the highest energy demand from the mining process is from the size 

reduction. This is not surprising since the process is reputed to have high energy demand. 

The other operation stages in the process use relatively little energy since several of the 

process steps are based on separating the vanadium chemically. It's more the pumps 

expected to be used that use energy when they get the process to circulate. Something that is 

very crucial for the energy demand is how the mining site is formed. More or fewer conveyors 
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may be necessary and the distances for the slurry to be pumped may also vary. For example, 

if the place where the size reduction occurs at a higher altitude than where the processing 

plant is, one can, with a sufficient and steady flow, actually receive energy from the conveyor 

that transports the crushed material. In those cases the ore contains such high levels of 

carbon will it not be as necessary to search energy savings in mining when energy demand is 

covered up by the energy it receives from the vanadium roasting. If however, one could sell 

excess electricity and get a good price, it may again be time to search energy-saving solutions. 

The simulation of the modeled roasting process resulted in an electricity production of 22 

MW with an input of 93 ton/h solids from the fed composition (expecting to contain 15 % 

oil). This corresponds to about 236 kWh/ton of mined ore. The reference project made by 

CPM was expecting 218 kWh/ton. Despite the difference the result is considered satisfying. 

The difference can be a result of a variety of factors. For example could CPM expect another 

design of the roaster, other input data in the cycle and another energy content of the 

composition. Since the simulated energy generation per ton of mined ore of the simulated 

process is of about the same magnitude as CPM:s gas turbine, is it assumed to be possible to 

scale up the combined cycle in size or add more cycles in order to manage the supply of solids 

from feed. By implementing a relatively low combustion temperature is less power obtained 

from the cycle. This is still necessary in order to get a more rugged process. 

The unit operations in the ash extraction process that use the most energy are the fusion 

furnace and the vacuum station for the fly ash filter. It is hard to compare the energy demand 

for the two processes because of the difference in size and also since the roasting from the ore 

process makes that process energy independent. Would one however choose to set the system 

limit for ash extraction at the ash creation, that is, when the fuel is burned so would also this 

process be energy independent. 

The studies made indicate that it is a project that is timely and economically feasible to 

extract vanadium from the processes investigated. If this is enough to make the production of 

vanadium redox flow batteries profitable remains to be seen. If renewable energy should be 

used more widely than today it requires effective energy storage and then are flow batteries 

absolutely a possible viable solution. 

In the beginning of the report were one of the aims and objectives to clarify whether flow 

batteries is a part of the energy system today and also if the technology could be in the future. 

This is treated under section 1.4.1 were it is possible to read that the flow batteries meets 

most requirements in order to fulfill “Energy management”. Energy management which i.e. 

could be seen as an indicator of how suitable energy storage fit in today and tomorrow's 

energy systems. A little bit further down in the same section is it possible to read how our 

lifestyles depend more and more of smart grids. The smart grids, in turn, are dependent on 

the backup system that responds quickly. As flow batteries also meet these requirements one 

may find them well-suited for future energy solutions. 

Because of the relatively high cost per square meter of photovoltaic cells one normally 

dimensions the size in a way that the electricity demand is covered during the best operating 

conditions (as occurs during summer). It is therefore important that the performance doesn’t 

decrease too much with time. The critical parameter first listed in Chapter 4.4 are therefore 
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of great importance. This reasoning is of course also applied to the flow battery. Components 

meeting these criteria may be preferred although it would be more expensive. The energy 

storage in the system, in this case the flow battery, has some challenges to meet in order to 

operate as well as possible. The fact that the photovoltaic produces electricity over a limited 

period of time and has a relatively wide range of the power magnitude implies that the energy 

storage can manage these requirements. An energy storage who could not meet these 

requirements would be useless for the selected system solution and preferably replaced with 

another energy storage type. The lifetime of the system is also of great importance, primarily 

from an economic perspective. It is common that the manufacturer of the photovoltaic 

provides a guarantee similar to that at least 90 % of the photovoltaic cells performance 

remains after 20 years in operation. Compared to other similar energy storages is the lifetime 

of a flow battery very good, this is already concluded in section 1.4.1. Two other properties 

that are important in order for the energy system to work well is that the energy storage 

doesn’t self-discharge and that it can store enough energy to manage a few days with minimal 

or none electrical input from the photovoltaic. It occurs regularly periods during a Swedish 

summer with less solar radiation. Electrical devices as, for example, a fridge still needs the 

power in order to prevent the food getting bad. 
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6 CONCLUSIONS 

From the fact that so much up to date research was found in the vanadium extraction area it 

is concluded that the topic of the project work is timely which makes is more interesting.  It 

was found that most extraction methods had high efficiency and ash from oil-fired fuel often 

lay just over 3% but it could be really high in some conditions. 

As stated in the previous section were a lot of relevant facts found about different extraction 

techniques. Most of this was recent research and the conclusion that the topic is up to date 

should not be entirely unreasonable. The result of all the investigated extracting techniques 

revealed good results which is encouraging, even thou the test were performed in laboratory 

environment and not in real life big scale processes. It shows that there is potential for a big 

scale process to be effective, which may be necessary for profitability. 

The initial expectation to compare mining and the ash extraction process for the same 

extraction ratio was not found to be possible, something that perhaps should have been 

foreseen from the outset. From the economical calculations performed with both the Viken 

project and the calculation program(Hartman et al., 1992) as reference is it no doubt that 

such an operation will be profitable, especially with increased operating time. 

From the result of the extraction process from ash, which is assumed to be of relatively great 

credibility, can it be concluded that the location of such a process is preferably positioned in a 

country with a higher access of waste from fossil fuels and lower cost of labour. A possibility 

of locating the process in a country like Sweden is attributed to the degree to which one can 

automate the process in consideration. If it is possible to access ore and ash of approximately 

the same content as adopted in the study does the vanadium extraction seem really 

promising. In both cases, the cost is lowered to about 70% of the current market price. It is 

also concluded that that there are probably good opportunities for process optimization 

which would lower production costs further. 

Analyzing if flow batteries have the potential to be a part of today's and tomorrow's energy 

system makes one convinced that it is quite possible. Authors of the articles that have been 

investigated are also positive for flow batteries' future as part of our energy system. It’s no 

doubt that the flow batteries have the properties that is requested to be a part of smart grids 

so it remains to be seen whether the economic part can be solved. 

The production cost of flow battery was proved to be possible to lower. The two extraction 

methods showed both large reduction potentials, where the most effective turned out to be 

extraction from ash using labor from a developing country. It was concluded that the 

production cost could be as low as 50 % less under these conditions. 

The by far most energy-consuming unit operation of mining was found to be the size 

reduction. The corresponding unit operations at the ash extraction were found to be the 

fusion furnace and the vacuum station for the fly ash filter. 

The chosen PV hybrid system is a good example of a solution suitable for flow batteries. The 

identified critical parameters of the system were related to the photovoltaic cells and the 
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energy storage. The critical parameters related to the flow battery have been treated in the 

literature study and in the discussion section where it was found that the flow batteries could 

handle the requirements. Flow batteries functioning as energy storage for a PV hybrid system 

is therefore concluded to be a good solution. 
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7 SUGGESTIONS FOR FUTURE WORK  

The increasingly environmental thinking that arises both in Sweden and abroad often 

advocate recycling. This should of course be possible with flow batteries and its expensive 

electrolyte. It would be interesting to examine how extensive all the battery components can 

be recycled after its useful lifetime and the ability to make changes in its design that have a 

positive impact on its recovery.  

In the ash process that have been addressed in this report is the final form of the vanadium 

bound to oxygen in vanadium oxide. Vanadium oxide cannot be directly used for the 

electrolyte. It would therefore be interesting to investigate the processes required and the 

cost of the materials, which in turn would be present for this process to manufacture 

electrolyte of the vanadium oxide. In the same way would it be interesting to investigate the 

electrolyte manufacturing from the vanadium metal obtained by mining and its extraction 

process. 

Develop critical production steps as grinding in order to save electricity and also get a lower 

operating cost is another area of interest. 
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Appendix 1 - Composition of LD- and BF-slag 

Table 1: Composition of LD- and BF-slag(Sjöberg, 2011) 

 

 

Table 2: Composition of LD- and BF-slag(Sjöberg, 2011) 

 

 

Element LD slag (Waligora 2010) LD-slag (Merox) LD-slag (Das 2007)

LD-slag (Aarabi-

Karasgani 2010)

LD-slag (Bäckström et 

al. Unpubl.) Converter slag (Ali 2007)

Steel Converter slag 

(XRF analysis)(Eloneva 

2008) BF (Das 2007)

fresh roasted

Al 3.04 % (Al2O3) 2.00 % (Al2O3) 1.40 % (Al2O3) 1.24 % (Al2O3) 0.78 % (Al2O3) 2 % (Al2O3) 9.15 % (Al2O3)

Ca 47.71% (CaO) 45.00 % (CaO) 48.94 % (CaO) X (Ca(OH)2) 44.29 % (CaO) 52.85 % (CaO) 45.9 % (CaO) 37.4 % (CaO)

Cr 1293 mg/kg

Fe 24.36% (Fe2O3) 24.00% (FeO) 20.10% (FeO) X (CaFeO2) 17.57% (Fe2O3) 7.87% (FeO) 16.83% (Fetotal) 16.60% (Fetotal) 1.05% (Fe2O3)

K 0.04% (K2O) 0.18% (K2O) 0.03% (K2O)

Si 13.25% (SiO2) 12.00% (SiO2) 12.08% (SiO2) X (Ca3SiO5) 6.88% (SiO2) 8.92% (SiO2) 13.90% (SiO2) 37.14% (SiO2)

Mg 6.37% (MgO) 8.00% (MgO) 1.16% (MgO) 0.89% (MgO) 2.22% (MgO) 3.70% (MgO) 11.70% (MgO)

Mn 2.64% (MnO) 4.00% (MnO) 0.14% (MnO) 4.52% (MnO) 4.46% (MnO) 2.30% (MnO)

Na 0.02% (Na2O) 18.78% (Na2O) 0.08% (Na2O)

P 1.47% (P2O5) 3.34% (P2O5) 1.91% (P2O5) 4.76% (P2O5)

S 0.10% 0.29% 0.79% (SO3) 0.18% 0.37% (SO3)

Ti 0.67% (TiO2) 0.98% (TiO2)

V 770 mg/kg X (Ca2V2O7) 1.97% (V2O5) 17100 mg/kg 2.31% (V2O5) 0.98%

Zn 0.06% (ZnO)

Element EAF (Yan 1998) EAF (Gahan et al. 2008)AOD (Gahan et al. 2008)BOF (Gahan et al. 2008) EAF-dust (Orhan 2005) EAF-dust (Youcai 2000) EAF-dust (Dutra 2006) EAF-dust (Xia 1999)

Al 4.16% (Al2O3) 3.00% 2.50% 0.70% 0.60% 1.03% 0.41% 0.685 (0.68% Al2O3)

Ba 243mg/kg 101mg/kg 66.1mg/kg

Ca 31.1% (CaO) 31.10% 37.50% 28.20% 2.90% 4.08% 2.19% 15.6% (CaO)

Cl 1617mg/kg 695mg/kg 883mg/kg

Cr 2200mg/kg 13100mg/kg 1500mg/kg 0.22% 0.19% (Cr2O3)

F 63.1mg/kg 23600mg/kg 97mg/kg

Fe 34.7% (Fe2O3) 19.80% 1.60% 18.90% 26.00% (Fetotal) 32.00% (Fetotal) 37.08% (Fetotal) 18.3% (Fe2O3)

K 0.06% (K2O) 0.10% 0.10% <0.1% 0.95% 0.67% (K2O)

Mg 7.46% (MgO) 1.90% 0.40% 7.30%

Mn 6.17% (MnO2) 2.30% 0.70% 2.90% 1.83% 3.31% 2.2% (MnO)

Mo 11.5mg/kg 232mg/kg <6mg/kg

Na 0.05% (Na2O) 0.13% 0.09% <0.04% 1.03% 3.8% (Na2O)

P 1.05% (P2O5)

Pb 2.9mg/kg 19.4mg/kg 10.5mg/kg 3.05% 1.84% 1.72% 1.02% (PbO)

S 0.39% (SO4-2) 0.06% 0.12% 0.09%

Si 12.60% (SiO2) 7.00% 12.90% 3.90% 3.15% (SiO2) 3.41% (SiO2)

Ti 0.47% (TiO2)

V 227mg/kg 205mg/kg 25100mg/kg

Zn 91.9mg/kg 251mg/kg 90.8mg/kg 33.00% 24.80% 12.20% 31.2% (ZnO)
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Appendix 2 – Vanadium Source

Table 1: Vanadium sources(Gupta and Krishnamurthy, 1992, Randahl et al., 1997) 

Location Geologic type of deposit 
Recoverable 
elements Grade % V2O5 

Primary vanadium sources 
  

  

USA 
   

  

  Colorado Plateau Sandstone U, V 0.5 to 2 

  Wilson Springs, Ark Clay V 1,00 

  Idaho Phosphate P, V 0.2 to 0.3 

  
New York, Wyoming, 
Minnesota Titaniferous magnetites (Ti) (Fe), V 0.5 to 1.0 

Namibia 
  

  

  Otavi district Vanadate Cu, Pb, Zn, V 0.70 

Republic of South Africa 
  

  

  Bushveld complex Titaniferous magnetites Fe, V 1.5 to 2 

Finland 
  

  

  
Otanmaki, 
Mustavaara Titaniferous magnetites Fe, Ti, V 0.47 

Norway 
  

  

  Raudsand Titaniferous magnetites Fe, Ti, V 0.50 

Russia 
  

  

  Mount Kashkanar Titaniferous magnetites Fe, V 0.35 % V 

  
 

Bauxite Al, V - 

Chile 
   

  

  El Romeral Nontitaniferous magnetite Fe, V 0.3 - 0.4 

India 
 

Bauxite Al, V 0.05 - 0.1 

France Bauxite Al, V 0.10 

Japan 
 

Ilmenite sands TiO, V 0.1 - 0.2 

Venezuela Crude Oil Petroleum, V 
100 to 500 

ppm 

Canada 
  

  

  Athabasca Tar sands Petroleum, V products 250 ppm  

  Mingan Titaniferous magnetites Fe, V, Cr,  0.19 % V 

  Chibougamou Titaniferous magnetites Al, Fe, V 0.19 % V 

China 
   

  

  Sichuan Titaniferous magnetites Fe, V 0.30 

Peru 
   

  

  Mina Ragra Asphaltite(Patronite) V 0.1 - 0.85 % V 

Argentina Asphaltite V 0.1 - 0.85 % V 

Sweden 
  

  

  Kiruna 
Non titaniferous 
magnetites Fe, V 0.14 to 0.20 
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Appendix 3 – Product selection mining 

In this section will all the selected products and their product information for the mining 

extraction be presented. The flow chart of the mining extraction process is found in figure 14 

from the report. 

Table 1: Product information of dimensioned leaching stage(Jixiang, 2013) 

Alkaline leaching 

Manufacturer JIXIANG 

Model XLD22-11-59 

Tank specification diameter*height[mm] 2000*2500 

effective volume[m3] 342 

Motor effect[kW] 22 

Weight[kg] 42467 

Quantity[st] 8 
 

Table 2: Product information of dimensioned separation stage(Lipu, 2013) 

First L/S Separation 

Manufacturer LIPU 

Model GT1836 

Capacity[ton/h] 80 

Motor effect[kW] 3.7 

Weight[kg] 4000 

Quantity[st] 24 
 

Table 3: Product information of dimensioned concentration stage(DH, 2013a) 

Solution concentration 

Equipment type Thickener 

Manufacturer DH 

m[t/d] 3030 

Model NT-100 

Q (min/r) 43 

P[kW] 15 

Quantity[st] 4 
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Table 4: Product information of dimensioned uranium separation stage(Lipu, 2013) 

L/S Separation after uranium separation 

Manufacturer LIPU 

Model GT1836 

Capacity[ton/h] 80 

Motor effect[kW] 3.7 

Weight[kg] 4000 

Quantity[st] 6 
 

Table 5: Product information of dimensioned vanadium leaching stage(Jixiang, 2013) 

Vanadium leaching 

Manufacturer JIXIANG 

Model XLD22-10-47 

Tank specification diameter*height[mm] 2000*2500 

effective volume[m3] 268.6 

Motor effect[kW] 22 

Weight[kg] 32796 

Quantity[st] 1 
 

Table 6: Product information of dimensioned separation stage after vanadium leaching(Lipu, 2013) 

L/S separation after Vanadium Leaching 

Manufacturer LIPU 

Model GT1836 

Capacity[ton/h] 80 

Motor effect[kW] 3.7 

Weight[kg] 4000 

Quantity[st] 11 
 

Mass transport 

Following tables will illustrate product information of the mass transport equipment for the 

mining extraction process. 

Table 7: Product information of dimensioned conveyor transporting ore to the size reduction(Yiding, 
2013) 

Feed to Grinding 

Equipment type Ore belt conveyor 

Manufacturer Yiding  

m[t/h] 900 

length[m] 20-25 

P[kW] 15 

Quantity[st] 2 
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Table 8: Product information of dimensioned pump located between grinding and alkaline 
leaching(HSA, 2013) 

Grinding to Alkaline leaching 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 1980 

Model M250HSA-ST 

Q rpm 1000 

H[m] 30 

P[kW] 300 

Pump efficiency[%] 70 

NPSH[m] 6 

Quantity[st] 1 
 

Table 9: Product information of dimensioned pump located between alkaline leaching and 
separation(HSA, 2013) 

Alkaline leaching to L/S separation 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 1980 

Model M250HSA-ST 

Q rpm 1000 

H[m] 30 

P[kW] 300 

Pump efficiency[%] 70 

NPSH[m] 6 

Quantity[st] 1 
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Table 10: Product information of dimensioned pump located between separation and 
concentration(HSA, 2013) 

L/S separation to Solution concentration 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 800 

H[m] 30 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[ft] 9 

Quantity[st] 1 
 

Table 11: Product information of dimensioned pump located between separation and size 
reduction(HSA, 2013) 

L/S separation to Grinding 

Equipment type Pump 

Manufacturer HSA 

Fluid Leachate 

Q[m3/h] 360 

Model M100HSA-D 

Q rpm 800-1500 

H[m] 12-56 

P[kW] 60 

Pump efficiency[%] 65 

NPSH[m] 5-8 

Quantity[st] 1 
 

Table 12: Product information of dimensioned pump located between concentration and uranium 
precipitation(HSA, 2013) 

Solution concentration to Uranium precipitation 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q US gpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[ft] 2-9 

Quantity[st] 1 
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Table 13: Product information of dimensioned pump located between uranium precipitation and 
separation(HSA, 2013) 

Uranium precipitation to L/S separation 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q US gpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[ft] 2-9 

Quantity[st] 1 
 

Table 14: Product information of dimensioned pump located between separation and ion 
exchange(HSA, 2013) 

L/S separation to ion exchange 

Equipment type Pump 

Manufacturer HSA 

Fluid Leachate 

Q[m3/h] 828 

Model M150HSA-E 

Q US gpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[ft] 2-9 

Quantity[st] 1 
 

Table 15: Product information of dimensioned pump located between ion exchange and molybdenum 
recovery(HSA, 2013) 

Ion exchange to Molybdenum recovery 

Equipment type Pump 

Manufacturer HSA 

Fluid Fresh solution 

Q[m3/h] 198 

Model M75HSA-C 

Q US gpm 1000-2200 

H[m] 71 

P[kW] 30 

Pump efficiency[%] 71 

NPSH[ft] 4-6 

Quantity[st] 1 
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Table 16: Product information of dimensioned pump located between regeneration and alkaline 
leaching(HSA, 2013) 

Regeneration to Alkaline leaching 

Equipment type Pump 

Manufacturer HSA 

Fluid Leachate 

Q[m3/h] 1980 

Model M250HSA-ST 

Q US gpm 1000 

H[m] 30 

P[kW] 300 

Pump efficiency[%] 70 

NPSH[ft] 6 

Quantity[st] 1 
 

Table 17: Product information of dimensioned pump located between separation and uranium 
recovery(HSA, 2013) 

L/S separation to Uranium recovery 

Equipment type Pump 

Manufacturer HSA 

Fluid Yellowcake 

Q[m3/h] 86.4 

Model M50HSA-C 

Q rpm 1300-2700 

H[m] 12-64 

P[kW] 30 

Pump efficiency[%] 55 

NPSH[ft] 4-6 

Quantity[st] 1 
 

Table 18: Product information of dimensioned pump located between ion exchange and 
regeneration(HSA, 2013) 

Ion exchange to Regeneration 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[ft] 2-9 

Quantity[st] 1 
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Table 19: Product information of dimensioned pump located between separation and roasting(HSA, 
2013) 

L/S separation to Roasting 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[m] 2-9 

Quantity[st] 1 
 

Table 20: Product information of dimensioned pump located between roasting and vanadium 
leaching(HSA, 2013) 

Roasting to Vanadium leaching 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[m] 2-9 

Quantity[st] 1 
 

Table 21: Product information of dimensioned pump located between vanadium leaching and 
separation(HSA, 2013) 

Vanadium Leaching to L/S separation 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry/Solid 

Q[m3/h] 1980 

Model M250HSA-ST 

Q rpm 1000 

H[m] 30 

P[kW] 300 

Pump efficiency[%] 70 

NPSH[m] 6 

Quantity[st] 1 
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Table 22: Product information of dimensioned pump located between separation and ion 
exchange(HSA, 2013) 

L/S separation to ion exchange 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[m] 2-9 

Quantity[st] 1 
 

Table 23: Product information of dimensioned pump located between ion exchange and vanadium 
recovery(HSA, 2013) 

Ion exchange to vanadium recovery 

Equipment type Pump 

Manufacturer HSA 

Fluid fresh solution 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[m] 2-9 

Quantity[st] 1 
 

Table 24: Product information of dimensioned pump located between grinding and alkaline 
leaching(HSA, 2013) 

L/S separation to Tails 

Equipment type Pump 

Manufacturer HSA 

Fluid Slurry 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[m] 2-9 

Quantity[st] 1 
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Table 25: Product information of dimensioned pump located between ion exchange and 
regeneration(HSA, 2013) 

Ion exchange to Regeneration 

Equipment type Pump 

Manufacturer HSA 

Fluid fresh solution 

Q[m3/h] 828 

Model M150HSA-E 

Q rpm 500-1140 

H[m] 10-61 

P[kW] 120 

Pump efficiency[%] 72 

NPSH[m] 2-9 

Quantity[st] 1 
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Appendix 4 

Table 1: Ash analysis from bio-oil(Svensson, 2013) 

Moisture content <0.1 %       

Unburned 13.2 % d.s.       

pH 2.8       

          

Substance % d.s.   Substance mg/kg d.s. 

Si 2.21   As 229 

Al 0.62   Ba 4110 

Ca 2.86   Pb 724 

Fe 14.48   B 233 

K 2.56   Cd 3 

Mg 2.64   Co 592 

Mn 0.10   Cu 404 

Na 5.85   Cr 389 

P 1.68   Hg 0.26 

Ti 0.04   Mo 106 

      Ni 13800 

      V 6410 

      Zn 8020 
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Appendix 5 – Product selection ash extraction 

In this section will all the selected products and their product information for the ash 

extraction be presented. The flow chart of the ash extraction process is found in figure 15 

from the report. 

Table 1: Product information of dimensioned extraction vessel(Jufeng, 2013) 

Extraction vessel 

Manufacturer Jufeng 

Model TQ-Z-6 

Effective volume[m3] 6.3 

Motor effect[kW] 5.5 

Agitating speed[r/min] 36 

Quantity[st] 2 

Maximum pressure[MPa] 0.3 

 

Table 2: Product information of dimensioned centrifugal pumps(Ocean, 2013) 

Centrifugal pumps 

Equipment type Pump 

Manufacturer Ocean 

Fluid Slurry 

Q[m3/h] 8 

Model - 

Q rpm 500 

H[m] 10 

P[kW] 1 

Pump efficiency[%] 33.2 - 80.5 

NPSH[m] - 

Quantity[st] 5 

 

Table 3: Product information of dimensioned agitated tank containing NH3(Xin, 2013) 

Agitated tank NH3 

Manufacturer Ding xing 

Model JBJ-2500 

Q (min/r) 3-10 

Motor effect[kW] 2.2 

Quantity[st] 1 

 

  



 2   

Table 4: Product information of dimensioned agitated slurry tank(Xin, 2013) 

Agitated tank Slurry 

Manufacturer Ding xin 

Model JBJ-2500 

Q (min/r) 3-10 

Motor effect[kW] 2.2 

Quantity[st] 1 

 

Table 5: Product information of dimensioned thickener(DH, 2013a) 

Thickener 

Equipment type Thickener 

Manufacturer DH 

m[t/d] 62 

Model NZSF-6 

Q (min/r) 3.7 

P[kW] 1.1 

Quantity[st] 1 

 

Table 6: Product information of dimensioned drum filter(Tongxin, 2013) 

Drum filter 

Equipment type Drum filter 

Manufacturer Tongxin 

m[t/h] 10 

Model GS-800 

P[kW] 5 

Quantity[st] 1 

 

Table 7: Product information of dimensioned dryer(DH, 2013b) 

Dryer 

Equipment type Dryer 

Manufacturer DH 

m[t/h] 10 

Model 2.5x5 

P[kW] 15 

Quantity[st] 1 
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Table 8: Product information of dimensioned fusion furnace(Ling, 2013) 

Fusion Furnace 

Equipment type Furnace 

Manufacturer Shuang Ling 

Capacity[t] 25 

Model ZZSL 

E[kWh/t] 40 

P[kW] 2500 

Quantity[st] 1 
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