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ABSTRACT 
Due to the act on Energy Audits in Large Enterprises (EKL) that came into effect on the 1st of 

June in 2014, all larger companies are obligated to perform an energy audit every four years. 

Parallel to the audit performed at Alufluor AB this more detailed audit of the drying part of their 

process was carried out. This as the drying part is energy intensive and is responsible for the 

majority of the energy consumed in the process.  

The thermal decomposition of the intermediate product, aluminum fluoride trihydrate 

(AlF3ᐧ3H2O), was investigated through thermal studies. The dehydration process described in 

literature was confirmed by the experiments and the enthalpy of dehydration was measured to 

2660 kJ/kg water. A theoretical minimum value of 0,58 MWh/ton product for the overall drying 

process was estimated. The results of the thermal studies can be used when designing a new 

drying process or when replacing current unit operations. An energy mapping of the thermal and 

electrical energy consumers was performed and the efficiency of the thermal unit operations were 

estimated. It was concluded that replacing the current centrifuge with a new unit would decrease 

the natural gas consumption in the following step by 23,6 % per year. This would give the 

investment a payback time of 4,2 years.  

 

  



 

EXECUTIVE SUMMARY 

DEHYDRATION PROCESS 
The dehydration process of AlF3 ⋅ 3H2O has been confirmed to consist of two steps, where the 

majority of the water is removed in the first. The dehydration enthalpy for removing the bound 

water has been determined to 2660 kJ/kg water. Utilizing the current drying process, the 

theoretical minimum energy required to dry the product sufficiently was calculated to 0,58 

MWh/ton AlF3. Thermogravity analysis (TGA) has been proven to be a viable method for 

studying the drying process. The experimental data acquired in the study could be used when 

designing a new process. 

ENERGY MAPPING 
The total thermal energy consumption in the drying process 2016 was 18648 MWh with the 

following distribution; 56 % in drum dryer 1, 33 % in drum dryer 2 and 11 % in the calcination 

oven. Through LOI measurements, it was concluded that 98 % of the bound water is removed in 

the drum dryers. This is more than the 83 % (2,5 water molecules) that was previously thought to 

be removed in the drum dryers. The thermal efficiencies of the unit operations were calculated 

to; 0,55 for drum dryer 1, 0,36 for drum dryer 2 and 0,19 for the calcination oven. Due to large 

fluctuations in natural gas consumption in the process and old/ limited process data, there is an 

uncertainty in the calculations. A more thorough study with detailed measurements is required to 

determine the efficiencies with higher accuracy.  

KEY ACTIONS 
Investing in a new centrifuge for the removal of free water would result in a 2476 MWh/year 

decrease in energy consumption in the first drum dryer. This would translate to an estimated 

yearly savings of 1205 kSEK and the payback time for the investment of 5,0 MSEK would be 4,2 

years. 
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1 INTRODUCTION 
Alufluor AB is a producer of anhydrous Aluminum fluoride that is used in the smelting industry 

for the production of aluminum and as an additive in the production of special glass. The raw 

materials used in the process is fluorosilicic acid, which is a byproduct from other industries, and 

aluminum hydroxide. The aluminum fluoride is produced through a crystallization process where 

the reaction product contains both free and bound water. In order to achieve the anhydrous 

product, the product is dewatered in several steps, using both mechanical and thermal unit 

operations. 

As the act on Energy Audits in Large Enterprises (EKL) came into effect on the 1st of June in 

2014, all larger companies are obligated to perform an energy audit every four years. An energy 

audit of Alufluor AB is to be performed by ÅF during the spring of 2017 and the purpose of this 

master thesis is to perform a smaller but more detailed audit parallel to that investigation. The 

audit performed by ÅF will contain the entire process while the focus of this thesis will be on the 

drying part of the product. This part of the process is of great interest to further evaluate as it is 

the most energy intensive. The investigation will consist of several parts, the first of it being a 

mapping of the thermal and electrical power usage of the different unit operations. This will be 

done to determine which type of energy that is consumed where and in what quantity but also to 

determine the efficiency of the different drying steps. As the product produced contains both 

free and bound water it is interesting to look at how the removal between the two types 

differentiate. The theoretical energy required for the removal of the free/bound water is needed 

when determining the efficiency, and will also be investigated. 

As the current technology is dated the possibility of replacing existing unit operations with new 

technology will also be investigated, this to reduce maintenance cost and energy consumption. 

This investigation will consist of the cost estimations of the introduction of a new centrifuge 

capable of reducing the free water content going into the thermal drying steps. 
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2 METHODS 
Table 1: Nomenclature. 

Symbol Unit Description 

𝑸𝒎𝒊𝒏 𝑘𝑊 
Theoretical minimum energy 

required 

𝑸𝒇𝒓𝒆𝒆 𝑘𝑊 
Energy required to remove the 

free water 

𝑸𝒃𝒐𝒖𝒏𝒅 𝑘𝑊 
Energy required to remove the 

bound water 

𝑸𝒑𝒓𝒐𝒅𝒖𝒄𝒕 𝑘𝑊 
Energy required to heat the 

product 

𝑸𝒅𝒓𝒚𝒊𝒏𝒈 𝒂𝒊𝒓 𝑘𝑊 
Energy required to heat the 

drying air 

�̇�𝑨𝒍𝑭𝟑
 𝑘𝑔/𝑠 Mass flow of anhydrous product 

𝑿𝒇𝒓𝒆𝒆 
𝑘𝑔 𝑓𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟

𝑘𝑔 𝐴𝑙𝐹3 
 Amount of free water removed 

𝑿𝒃𝒐𝒖𝒏𝒅 
𝑘𝑔 𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟

𝑘𝑔 𝐴𝑙𝐹3 
 

Amount of bound water 

removed 

𝑯𝑻𝒐𝒖𝒕
 

𝑘𝐽

𝑘𝑔 𝑤𝑎𝑡𝑒𝑟
 

Enthalpy of steam at outlet 

temperature  

𝒉𝑻𝒊𝒏
 

𝑘𝐽

𝑘𝑔 𝑤𝑎𝑡𝑒𝑟
 

Enthalpy of water at inlet 

temperature 

𝑯𝒅𝒆𝒉𝒚𝒅 
𝑘𝐽

𝑘𝑔 𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟
 

Enthalpy of dehydration for 

bound water 

𝑯𝑺𝒕𝒆𝒂𝒎,𝑻𝒐𝒖𝒕
 

𝑘𝐽

𝑘𝑔
 

Enthalpy of steam at outlet 

temperature 

𝑪𝒑𝒔𝒕𝒆𝒂𝒎
 

𝑘𝐽

𝑘𝑔 ⋅ 𝐾
 Specific heat capacity of steam 

𝑻𝒐𝒖𝒕 °𝐶 Outlet temperature 

𝒙𝒅𝒃 
𝑘𝑔 𝑓𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟

𝑘𝑔 𝐴𝑙𝐹3
 Free water content on dry basis 

𝒙𝒘𝒃 
𝑘𝑔 𝑓𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟

𝑘𝑔 𝑤𝑒𝑡 𝑚𝑎𝑠𝑠
 Free water content on wet basis 

𝒙𝒃𝒐𝒖𝒏𝒅 
𝑘𝑔 𝑏𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟

𝑘𝑔 𝐴𝑙𝐹3 ⋅ 3𝐻2𝑂
 

Bound water content on wet 

basis 
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2.1 PROCESS DESCRIPTION 

The process used for production of aluminum fluoride (AlF3) at Alufluor AB is called the direct 

process. A flowsheet over the process is shown in Figure 1. In this process, fluorosilicic acid 

(H2SiF6) and aluminum hydroxide (Al(OH)3) are used as reagents. The fluorosilicic acid is a 

byproduct from the phosphate and fertilizer industry. The reagents are mixed in a reactor and 

converted into silicon oxide (SiO2), aluminum fluoride trihydrate (AlF3∙3H2O ) and water, see 

Equation 1. [1] 

 

Figure 1: Flowsheet of the process for production of aluminum fluoride. 

 

 H2SiF6 + 2Al(OH)3 → 2AlF3 ⋅ 3H2O + SiO2 + H2O (1) 

The silica that is produced precipitates and can be separated mechanically utilizing a centrifuge. It 

is important for this step that the aluminum fluoride remains in its water-soluble alpha-form to 

effectively remove the silica without loss of the product. After the silica has been removed, the 

solution is put into tanks for crystallization. In order to speed up the process the solution is 

seeded with AlF3 crystals. [1,2]  

The product then enters the drying part of the process where the free and almost all of the bound 

water is removed. The bound water is harder to remove than the free and causes the drying 

process to be energy intensive. A flowsheet of the drying process is shown in Figure 2. 

 

Figure 2: Flowsheet of the drying process. 
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The drying process starts with a centrifuge that removes the mother liquor from the crystallized 

product. Free water is removed resulting in a product mass with a free water moisture content 

between 5 - 10 % on wet basis. The product is then transported by a rotary valve and screw 

conveyors to the first drum dryer where the remaining free water is removed.  

The drum dryers are rotating and each have a burner fueled by natural gas where the flue gases 

heats the product indirectly by flowing through a number of pipes, a schematic of the drum 

dryers are shown in Figure 3. The drums are placed at a slight angle and the product is 

transported in the drum by fins that lift the product and drops it in the middle of the drum 

causing the forward motion. The removal of the bound water also starts in the drum dryers. This 

is an energy intensive part of the drying process and this dehydration process is described in 

detail in ”2.3.1 Dehydration of AlF3ᐧ3H2O”. In order to save energy, the flue gases from the 

calcination oven are used to preheat the combustion air for both the drum dryers and also as 

drying air in the first. A part of the product stream is recycled back with screw conveyors into the 

first drum dryer to lower the moisture inside the dryer. This is done to prevent the wet mass 

from sticking together and forming larger balls.  

 

After the drum dryers, the product is heated to a higher temperature, around 500 °C, in the 

calcination oven. This is where the remaining bound water is removed. The oven is a fluidized 

bed with vertical heating tubes inside. Each tube has a burner fueled by natural gas that heats the 

tube. It runs continuously and when too much fouling has formed on the tubes, another oven is 

taken into operation. The oven is then allowed to cool down before cleaning.  

The product has been dehydrated to aluminum fluoride and the moisture content is down to the 

required purity. After the drying process, the product is cooled down in a product cooler that 

recovers some of the energy for use in other parts of the factory. 

Figure 3: Schematic of the drum dryers. 
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2.2 ENERGY MAPPING 

In the energy audit performed by ÅF the energy consumption of the entire process is being 

investigated. However, it is in the drying part of the process that the main energy consumption 

takes place and it is therefore of great interest to evaluate that part thoroughly. It is here that the 

wet aluminum fluoride trihydrate is dried to become the anhydrate finished product.  

The energy mapping aims to show the total energy consumption in MWh/year as well as the 

MWh/ton AlF3 produced during standard operating conditions. The goal is also to clearly show 

the energy consumption by form/quantity and unit operation for each section. This information 

can be used when determining how replacing unit operations will affect the energy consumption 

and where the main energy consumers are located.  

The system boundary for the energy mapping of the drying process will be drawn so that the 

centrifuge, drum driers and the calcination ovens are contained within. Both the thermal and 

electrical power consumption are to be investigated for each unit operation. As the main thermal 

energy source is natural gas (NG) the energy consumption will be expressed in MWh NG 

consumed. The energy consumption in each section of the drying process is both thermal and 

electrical all but for the centrifuge where only electrical power is consumed. The annual energy 

consumption was based on 7300 operating hours per year. 

2.2.1 Thermal energy 

As mentioned above the thermal energy consumed in the drying process is mainly supplied 

through NG. Each of the drum driers have a NG-burner and the calcination ovens have 10 NG-

burners each. The flow of NG is registered by 3 detectors, one for the two drum dryers 

combined, one for the second drum dryer and one for the calcination oven. These are read 

manually every hour to keep track of the NG consumption. NG consumption data for the whole 

year of 2016 together with the daily production of AlF3 was obtained and evaluated. In order to 

investigate the energy consumption during standard operating conditions, only the days where 

the production was at least 40 ton were considered. The mean value of MWh NG/ton AlF3 was 

then calculated for these conditions. The total energy consumed over the year of 2016 was also 

investigated and how it was divided between unit operations. 
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2.2.2 Electrical energy 

For each section of the drying process there are numerous unit operations utilizing electrical 

energy. A diagram showing each electrical power consumer together with its tracking number can 

be viewed in Figure 4. The electrical power consumers have also been divided into different 

segments to tie them to a certain unit operation in the drying process. 

  

 

Depending on the type of power consumer the operation mode can be static, cyclical or varying 

depending on the production load. Each type needs to be approached differently when 

determining the energy consumption per produced ton of AlF3 or year. A complete list over the 

different electrical power consumers and their operational mode are shown in Table 2. 

  

Figure 4. The electrical power consumers in the drying part of the process. 
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Table 2. The operational mode and description for each of the electrical power consumers within the drying 

process. 

Static Cyclical 

ID Description ID Description 

1604 Disc feeder 1602;1 Centrifuge engine 

1770-1 Screw conveyor 1602;2 Hydrate engine 

1770-2 Screw conveyor Varying 

1771 Screw conveyor ID Description 

1772 Screw conveyor 1752 Circulation fan 

1773-1 Drum rotor engine 1753 Circulation fan 

1774 Screw conveyor 1754 Exhaust fan 

1775 Screw conveyor 1755 Exhaust fan 

1776-1 Drum rotor engine 1756 Combustion air fan 

1777 Screw conveyor 1737 Exhaust fan 

1778 Screw conveyor 1738 
Blow machine 

combustion air 

1715 Rotary valve   

 

The consumers that are considered as static operate at the same power usage regardless of the 

production rate, a screw conveyor is an example of such a consumer. For these types the 

operating hours and the momentary power usage is needed. The momentary power usage for 

each of the static energy consumers as well as the centrifuge engine was collected on the 8th of 

March 2017 and can be viewed in Appendix I. For the cyclical consumers, the idea was 

integrating the momentary power consumption over multiple cycles in order to determine the 

cycle energy requirement. However, the momentary power consumption data over time could 

not be extracted and the average value at the time of measurement was used instead. 

The speed of the fans inside the system changes a lot as they are used to control the flow of 

process gases and therefore the operation of the heating processes in both the drum driers and 

the calcination ovens. As there is no data recorded inside the current system external reading 

instruments were needed in order to collect the sought-after data. Manual reading of the capacity 

meters over a 24-hour period was used for the fans in order to determine the power 

consumption during regular operating conditions. The results from the measurements can be 

viewed in Appendix I as well. 
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2.3 DRYING OF THE PRODUCT 

When drying the product both free and bound water is being evaporated and it is the removal of 

bound water that is more complex. Breaking the bonds of the bound water requires additional 

energy and may take place over a temperature interval. In order to understand the drying process 

it is necessary to investigate the thermal decomposition of the trihydrate.  

2.3.1 Dehydration of AlF3ᐧ3H2O 

During the drying process, the water of crystallization in the aluminum fluoride trihydrate must 

be removed. As described in “2.5 Water of crystallization” the process of drying compounds with 

crystalline water cannot be described with a general model and the process is specific for each 

crystal. However, the dehydration process can be determined through thermal studies. The 

thermal decomposition of aluminum fluoride trihydrate have been studied in great detail where 

similar conclusions regarding the dehydration process have been drawn [3,4].  

Thermogravity analysis (TGA) measurements have been used to study the thermal 

decomposition of aluminum fluoride trihydrate [3,4]. During TGA a sample is heated at a fixed 

rate and the mass loss over time is recorded. This data can be used to determine how much of 

the crystalline water that has been evaporated. By comparing the mass percentage lost with the 

mass percentage of water in the original sample, the water molecules lost during a temperature 

interval can be quantified.  

Both articles present a three-stage thermal decomposition process where the third stage is a 

hydrolytic reaction [3,4]. The concluded temperature intervals for the stages are similar but the 

temperature for the hydrolysis differs by 80 °C. The proposed stages can be seen in Equation 2, 3 

and 4 and the temperature intervals for the stages in Table 3. 

Stage I:  AlF3 ⋅ 3H2O → AlF3 ⋅ 0.5H2O + 2.5H2O (2) 

Stage II: AlF3 ⋅ 0.5H2O → AlF3 + 0.5H2O (3) 

Hydrolysis:  2AlF3 ⋅ 3H2O → Al2O3 + 6HF (4) 
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Table 3: Temperature intervals for the proposed dehydration stages. 

Stage Temperature interval [3] (°C) Temperature interval [4] (°C) 

I 108-277 106-220 

II 277-550 220-548 

Hydrolysis >380 >300 

 

The hydrolytic reaction taking place at high temperatures produces hydrogen fluoride (HF) and 

aluminum oxide (Al2O3).  The reaction is unwanted because of the loss of fluoride and the 

decrease in product purity but also due to the formation of the corrosive HF gases.  

To differentiate between mass loss caused by dehydration and hydrolysis TGA measurements 

with magnesium oxide (MgO) added to one of the samples were performed. This as the 

magnesium oxide reacts with the produced hydrogen fluoride according to Equation 5 [4]. 

 MgO + 2HF → MgF2 + H2O (5) 

By comparing the TGA results from AlF3ᐧ3H2O the measurements with the AlF3ᐧ3H2O /MgO 

measurements it is possible to differentiate between the mass lost due to dehydration and the 

mass lost due to hydrolysis. This made it possible to establish relationships between the fluoride/ 

water-content and the temperature. 

The authors proposed correlations for the water and fluoride content at different heating rates 

[3]. Kinetic parameters for the reactions are also presented in both of the articles. In the first and 

second stage the activation energy and the preexponential factor is determined. This is done by 

using the Kissingers method and Phadnis method [3]. 

Based on the articles reviewed it is reasonable that the water is evaporated in two steps and that 

there is a product loss due to hydrolysis at higher temperatures. Both the correlations and the 

kinetic parameters presented in [3,4] could be used when investigating the drying process of 

AlF3ᐧ3H2O. 

  



10 
 

2.3.2 Determining the Enthalpy of Dehydration 

In order to determine the theoretical energy required for complete drying of the product the 

enthalpy of dehydration of AlF3ᐧ3H2O is needed. The enthalpy of dehydration can be divided 

into latent heat of vaporization and dissociation energy for the bound water. This has been 

studied in the case of gypsum where the dehydration enthalpy of the crystalline water has an 

important role in the fire resistance properties of the material [5]. The three approaches presented 

to determine its value were: 

1. Using enthalpies found in literature, based either on experiments or theoretical work 

2. Using models together with heat and mass balances 

3. Performing thermal analysis experiments 

It was decided that a literature study concerning the dehydration of aluminum fluoride trihydrate 

should be carried out before experimental analysis was investigated. However, the study yielded 

no value for the enthalpy of dehydration. The majority of the articles found were focused on the 

dehydration rate or the changes in composition during heating rather than the energy required. 

As described in “2.5 Water of crystallization” there is no general model of dehydration that applies 

to all hydrates, the process is instead crystal specific. A plausible method for determining the 

enthalpy of dehydration could be to use the kinetic expressions derived in [3,4] with mass and 

energy balances.  

The dehydration of other materials was investigated in order to get an idea of the techniques and 

methods used for determining the enthalpy of dehydration. In [6] Sádovská and Wolf determine 

the enthalpy of dehydration for various hydrates of calcium oxalate using TGA and Differential 

Scanning Calorimetry (DSC). During the investigation, the dehydration process of mono/di - and 

the trihydrate were studied. The mass loss recorded by the TGA-equipment was used to 

determine the amount of water lost during the different stages of the process. This data was used 

together with the heat flow measurements performed using the DSC in order to determine the 

heat of dehydration of each water molecule. The DSC -curves obtained by Sádovská and Wolf 

can be viewed in Figure 5. The graphs show the change in heat flow to the sample as the 

temperature is increased and the area under each peak represents the enthalpy of dehydration. 

Their results correspond well with previously published values that are presented in the article. 

An overview on DSC technology and how the method works can be seen in the “2.6 Differential 

Scanning Calorimetry”. 
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The method of using TGA together with DSC seemed like a viable option for determining the 

enthalpy of dehydration for AlF3ᐧ3H2O. The empirical correlations presented in [3] could be used 

when designing the DSC-experiments at different heating rates.  

 

2.3.3 DSC experiments 

It was decided that a combination of the empirical correlations obtained in [3], regarding the 

water/fluoride – content, should be used together with DSC experiments in order to determine 

the enthalpy of dehydration of AlF3ᐧ3H2O. The final temperature needed to achieve the wanted 

water content was determined for each heating rate. The method used for determining the water 

content is known as loss on ignition (LOI). In this method, the sample is heated to a high 

temperature vaporizing the volatiles. This causes a change in mass and by weighing the sample 

before and after the heating, the mass of volatiles in the sample can be calculated. The target LOI 

of the finished product is 0,5%, with water as the primary volatile substance and that is why a 

water content of 0,5% was set as the endpoint of the drying process.  

The end temperature for four different heating rates was calculated as well as the amount of HF- 

gas formed through hydrolysis. The results of the calculations are shown in Table 4 and the 

calculations performed can be viewed in Appendix II. The time for each experiment is calculated 

from a temperature of 100 °C as the hydrate is thermally stable to about 110 °C. 

 

 

 

Figure 5. The DSC-curves obtained during the analysis of 

mono/di and tri hydrates of calcium oxalate. [6] 
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Table 4. The experimental conditions and products. 

Heating Rate 

(°C/min) 

Final Temperature 

(°C) 
Time (min) 

Estimated formed 

HF 

(mg/mgsample) 

5 495 79 0,034 

10 512 42 0,018 

20 529 22 0,005 

50 560 9,2 0,007 

 

The formation of HF proved to be a problem as the fear of damage to the machine due to 

corrosion prevented the usage of the DSC-equipment at the university. After consulting Alufluor 

AB it was determined that inquiries should be made concerning the possibility of performing the 

experiments at an external lab. It was suggested that two different labs should be used in order to 

verify the validity of the data. Out of the many companies contacted Research Institute of 

Sweden (Rise) and Swerea was contracted as they could perform the experiments to the set 

specifications. Samples taken from the AlF3-centrifuge output was dried at 105 °C for 2 hours to 

remove all of the free water before being packaged and sent to the labs. See Appendix III for the 

order specifications. 

The orders included DSC-measurements at different heating rates for both companies but 

included TGA-measurements for Rise, this as the machine used performed both TGA and DSC 

simultaneously. The TGA measurements made it possible to verify that the sample was dried as 

the theory suggested in [3]. The equipment used for the experiments was a Mettler Toledo DSC 

STARe 1 at Swerea and a STA F3 Jupiter from Netzsch at Rise. 

The results were to include the dehydration enthalpy of the bound water for each trial as well as 

the raw data obtained from the experiments. The amount of sample used for each DSC trial 

varied and were in the range of 24,2 – 39,3 mg for Rise and 7,6 – 11,4 mg for Swerea. The 

heating rates investigated were linear and of 5/10/20 and 50 °C/min, two trials were performed 

at each heating rate. An inert nitrogen atmosphere was used in order to reduce the possibility of 

unwanted side reactions. 
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2.4 ENERGY EVALUATION 

In order to evaluate the performance of each unit operation in the drying process, thermal energy 

balances were solved using the results obtained in “3.1 DSC experiments” and “3.2  Energy 

mapping”. The aim was to estimate how the energy consumption was divided between different 

drying mechanisms and to determine the efficiency of the unit operation.  

The product mass leaving the AlF3-centrifuge contains both free water as well as bound water in 

the trihydrate complex. The amount of free water is usually in the range of 5 to 10 % on wet 

basis, based on the trihydrate as dry mass, while the amount bound water is fixed at about 39,1 

%. Looking at the water content of both bound and free water based on the anhydrate mass the 

ratio is between 3,5:1 and 7,4:1 depending on the composition of the stream leaving the AlF3-

centrifuge. However, as the free water can be removed mechanically, improving on the AlF3-

centrifuge step could greatly reduce the NG consumption further down the process. 

2.4.1 Theoretical energy consumption 

The evaporation load can be expressed as the amount of energy needed to remove a specific 

amount of water through evaporation. As there is a temperature gradient over each of the unit 

operations, sensible heat also needs to be added as well as the dissociation energy for removing 

the bound water. An expression for the evaporation load can be seen in Equation 6. [7] 

Qmin = Qfree + Qbound = ṁAlF3
⋅ Xfree(HTout

− hTin
) + ṁAlF3

⋅ Xbound (Hdehyd + Cpsteam
(Tout − 100)) (6) 

There is a need to differentiate between the bound and the free water as the former requires 

additional energy to break the bonds holding it in place inside the crystal lattice. 𝑄𝑓𝑟𝑒𝑒 is the 

energy required to heat the free water from the inlet temperature to the outlet temperature as well 

as the heat of evaporation. 𝑄𝑏𝑜𝑢𝑛𝑑 contains the enthalpy of dehydration, as determined in “3.1 

DSC experiments” as well as the energy to heat the steam to the outlet temperature. 
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2.4.2 Water content measurements 

To be able to quantify how much bound and free water that is evaporated in each of the unit 

operations, samples from the outlet of each unit operation in the drying process were collected. 

In the case of the centrifuge, only the amount of free water was measured as the amount of 

bound water is known. It is assumed that all the free water is evaporated in the first drum dryer 

and therefore only the amount of bound water is measured in the other unit operations. The 

samples were taken in close succession to measure during the same operating conditions.  

The water content in each of the samples were then measured by utilizing the LOI method. In 

this case, water is the main volatile substance and therefore it is assumed that the mass lost during 

the heating only consists of water. The experiments were carried out at 105 °C for 2 hours to 

measure the free water content in the centrifuge product. The bound water content in the drum 

dryer products were measured by heating to 550 °C for 30 minutes.  

Isothermal LOI measurements were also performed on aluminum fluoride trihydrate at 300 °C to 

investigate the amount of water that can be removed at this temperature.  

2.4.3 Energy balance 

When the amount of water that is evaporated in each of the unit operations was determined, the 

theoretical energy consumption could be estimated. The equation for evaporation load, Equation 

6, was used with the addition of the sensible heat. The sensible heat added was for heating the 

product and the drying air when used. The total energy required is shown in Equation 7. This 

heat was based on the inlet and outlet temperatures that were measured. The calculations and 

data can be seen in Appendix IV.   

 Qtot = Qfree + Qbound + Qproduct + Qdrying air (7) 

To calculate the efficiency of each of the unit operations, the volumetric flow rate of natural gas 

during the day of the measurements was logged. Using the lower heating value of natural gas, the 

supplied heat could be estimated. The efficiency was then calculated to determine how much of 

the energy supplied that was utilized in the drying process.  

  



15 
 

2.4.4 Replacing the AlF3-centrifuge 

As mentioned above, reducing the amount of free water entering the first drum dryer by means 

other than evaporation could greatly reduce the thermal energy consumption in the drying 

process. This as the latent heat of vaporization is very high for water and a non-thermal 

separation process does not require the water to be evaporated. Currently Alufluor is exploring 

the possibility of replacing the existing AlF3- centrifuge with a new model capable of lowering the 

free moisture content of up to 5 percentage points.  

An investigation was performed in order to estimate the reduction in natural gas consumption in 

the first drum dryer that the introduction of a new centrifuge would cause.  

There is a diminishing return on the energy savings when looking at the moisture content on wet 

basis. Reducing the content from 10 % to 9 % will result in a higher energy saving than reducing 

the moisture content from 5 % to 4 % as the moisture content on dry basis is more affected at 

higher contents. The free moisture content reduction interval was set to be between 3-10 % on 

wet basis as it is the operating range for the old and the new centrifuge. A mean value in that 

interval of the energy saving per percent decrease in moisture content was used in the 

calculations to estimate the total energy savings of a 5 %-point reduction. This value together 

with price estimates on natural gas with the addition of taxes from Alufluor AB were used to 

calculate the annual cost savings and the payback time of the possible investment. 

To estimate the energy savings in the first drum dryer the decrease in free water flow needed to 

be determined. All calculations can be viewed in the MATLAB script presented in Appendix V. 

Equation 8, the correlation between wet basis and dry basis, was used to determine the dry basis 

content at different wet basis contents. 

 xdb = (
xwb

1−xwb
) ⋅ (

1+xbound

1−xbound
) (8) 

The mean value of the change in water content on dry basis as the wet basis moisture content is 

reduced by 1 % was calculated and multiplied by 5. This gave the reduction of water that needs to 

be evaporated in the first drum dryer per kg of anhydrate produced. To determine the annual 

energy saving a production rate of 3000 kg/h of AlF3 and 7300 operating hours were used. The 

reduction in water flow was multiplied by the evaporation load of the free water in the first drum 

dryer to get the energy savings. The efficiency determined for the first drum dryer in “3.3.1 

Measurement results” were used as a factor to account for the actual reduction in NG consumption.  
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The investment cost for a new centrifuge including installation costs and taxes was estimated to 

be 5,0 million SEK and the maintenance and operating costs were set to be the same as for the 

existing one. Alufluors internal prices for natural gas were used for the cost reductions together 

with the tax and tax reductions on energy/carbon of 2017 was used for the annual savings. As 

the fixed network cost for NG changes over the year and average cost needed to be determined. 

Using the NG consumption data available from year 2015 and 2016 the amount of NG 

consumed during each period could be determined. The fraction of NG consumed in each 

period was used to determine a mean value for the variable NG cost per MWh consumed. 

Lastly, the payback time of the investment was calculated using the investment cost and the 

annual savings due to the reduction in natural gas consumption. 
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2.5 WATER OF CRYSTALLIZATION 

Water of crystallization can occur when a compound crystallizes in an aqueous solution, trapping 

water molecules inside the crystal lattice. The water affects the properties of the compound and 

the stability of the crystal which can be very different from the anhydrate of the substance. These 

crystals can also be partly hydrated which means that there are a wide variety of hydrates.  

The dehydration of the hydrate is harder than removing free water as the water molecules are a 

part of the compound structure. That is why many of the dehydration reactions are strongly 

endothermic, requiring higher amount of energy than the heat of vaporization of water. The 

water can be bound in different ways such as trapped in the voids of the crystal or coordinated 

with a cation. The wide range of hydrate means that there is no general model to describe the 

thermal decomposition and conclusions are specific for the hydrate that has been studied [8]. 

2.6 DIFFERENTIAL SCANNING CALORIMETRY 

Differential Scanning Calorimetry (DSC) is a thermal analysis method that can be used for 

determining multiple properties of a material such as specific heat and heat of transformation. 

The term thermal analysis is used to describe processes where physical properties of a material is 

measured as a function of temperature but also include isothermal studies [9]. 

It is the difference in thermal changes between a sample and a reference when being subjected to 

either cooling or heating that is being studied during a DSC analysis. The same type of measuring 

equipment is used for both the sample and the reference. The difference between the obtained 

signals is the output-signal [10]. When looking at the difference between the signals disturbances 

in the measurement or temperature fluctuations in the environment will be removed [11]. 
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The analysis usually follows a linear 

heating/cooling schedule but isothermal 

modes are also run. As a thermal process 

takes place inside the sample the heat flow 

will change in order for the sample to 

follow the heating schedule. It is the 

difference in heatflow to the sample and 

the reference that is being recorded and 

that is the output of the system. 

There are two types of DSC equipment is 

use, the Heat Flux and the Power 

Compensation. In Power Compensation both 

the sample and the reference have their 

own heater/temperature sensor. When a 

temperature difference arises during the 

analysis a differential power is applied to 

the sample in order to eliminate the 

difference and this is the signal being 

recorded. A typical setup for a Power 

Compensated DSC is shown in Figure 6. 

During Heat Flux the sample and reference 

is place in the same oven with one temperature sensor each. The difference in temperature during 

the analysis is used to calculate the difference in power needed using a computer. A typical setup 

for a Heat Flux DSC is shown in Figure 7 

The sample and the reference material are held in crucibles which are commonly 5-6 mm in 

diameter. The reference crucible can either be empty or contain an inert material with known 

thermal properties. 

Figure 6. A typical setup for a DSC equipment using the Power 

Compensated technique. [9] 
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2.6.1 Equipment 

The DSC equipment can work in 

the ranges of -150 °C to about 

1600 °C and the design vary a lot 

between different manufactures.  

The temperature sensors are 

often made by platinum and the 

furnaces by a Pt/Rh-alloy, but 

the operating temperatures are 

often the determining factor for 

the materials chosen. The same 

argument is applicable for the 

crucible as it needs to be 

thermally stable as well as not 

reacting with the sample.  

When moderate temperatures are 

applied the crucibles are often 

made of aluminum. There are 

other crucibles made of 

silver,gold and graphite available 

as well. The heating rates available depends on the equipment used but can be in the ranges of 

0.1 to 500 °C per minute.  

The equipment also includes the possibility of an inert atmosphere which needs to be considered 

if there is a risk of the sample reacting. 

2.6.2 Data analysis 

The data obtained from the DSC analysis is usually presented in a Thermal analysis curve where the 

heating rate is on the y-axis and temperature on the x-axis. A typical DSC – curve with the 

important parameters of the curve marked is shown in Figure 8. The shape of the curve can be 

used to determine when a thermal process, endo- or exothermic, takes place as well as if a change 

in the specific heat takes place.  

Figure 7. A typical setup for a DSC equipment using the Heat Flux technique. 

[9] 
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A peak on the curve represents a thermal process and a positive peak represents an exothermic 

process if a Heat Flux DSC is used and an endothermic process if a Power Compensated DSC is 

used. The area formed between the curve peak and the baseline is the heat of transition for that 

thermal process. It is usually the construction of the baseline that causes issues when evaluating 

the results of the analysis. There are different techniques that can be used to construct the 

baseline depending on the nature of the experiment. [12] 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8. The baseline is constructed as if no thermal process had take place, The peak 

represents a thermal process and the meaning of the direction of the peak depends on what kind 

of equipment is being used, Ti is the initial peak temperature, TE is the extrapolated peak onset 

temperature, TP is the peak maximum temperature, Tc is the extrapolated peak completion 

temperature and Tf is the final peak temperature.[12] 
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3 RESULTS & DISCUSSION 

3.1 DSC EXPERIMENTS 

The results of the analysis performed by Rise and Swerea were compared and evaluated. A 

comparison between the DSC curves for a heating rate of 5 °C/min from both labs is shown in 

Figure 9. A noticeable difference between the thermographs is that the heat flow increases in the 

measurements performed by Rise after the dehydration peak but not for Swerea. The reason for 

this is unclear as an increase is expected, this as there is still water that is being evaporated and 

hydrolysis occurring. The difference mentioned above affects the calculation of the dehydration 

enthalpy.  

 

Figure 9. DSC curves for a heating rate of 5°C/min from RISE (left) and Swerea (right). 

 

A linear baseline could be used when calculating the area for all of the trials performed by 

Swerea. However, when evaluating the measurements performed by Rise both a linear and a 

tangential baseline was used. The construction of a linear baseline was not possible over the 

entire temperature interval due to the increase in heat flow after the peak. The mean value of the 

dehydration enthalpy is shown in Table 5. 

Table 5. The mean value of the enthalpy of dehydration 

Series Swerea Rise - Linear Rise Tangential 

Enthalpy (kJ/kghydrate) 1139 982 1114 
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The values in the different series match well although the linear value is lower. This is reasonable 

as a linear analysis results in a smaller temperature interval. 

As the heating rate is increased, the resolution of the thermographs decrease making the lower 

heating rate results more suitable for drawing conclusions about the thermal decomposition. 

Therefore, the results from the linear analysis performed by Rise at a heating rate of 5 °C/min 

and 10 °C/min were used when determining the enthalpy of dehydration in kJ/kg water. The 

peaks obtained in the linear analysis are below 300 °C which is below the temperature where the 

hydrolysis takes place. It is reasonable to assume that the peaks only represent the energy 

required for the dehydration of the bound water.  

The enthalpy per unit mass loss obtained in the experiments were used to determine the 

dissociation energy of the bound water. This was done by subtracting the latent heat of 

vaporization at atmospheric pressure (2257 kJ/kg [13]). The results are shown in Table 6 and the 

total enthalpy of dehydration of AlF3ᐧ3H2O was estimated to 2660 kJ/kg water at atmospheric 

pressure based on the mean value. 

Table 6. The dissociation energy for the bound water for each trial 

Trial 5 °C/min 5 °C/min 10 °C/min 10 °C/min Mean 

Dissociation energy  

(kJ/kg water) 
470 344 350 448 406 

 

A product LOI of 0,5 % would result in a mass loss of 38,5 % for the pure trihydrate. The TGA 

measurements showed mass losses which correspond well with this theory based value, see Table 

7. This indicates that the product has been dried to the required purity standard and that the 

correlations that are presented in [3] can be used when making predictions regarding the 

dehydration process. 

Table 7: TGA mass loss results for the different heating rates when being heated to the set temperature. 

Heating rate (°C/min) 5 5 10 10 20 20 50 50 Theory 

Mass loss (%) 38,9 38,5 38,1 38,5 38,4 37,1 38,2 38,5 38,5 
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The TGA data was used to visualize the dehydration of the bound water molecules when the 

samples where subjected to a heating rate of 5 and 10 °C per minute. In Figure 10, the DSC 

signal and the number of water molecules evaporated at each temperature is shown. There are 

two distinct peaks in the DSC signal. The first appears to represent the evaporation of one water 

molecule and the second represents the evaporation of about 1,5 water molecules. This means 

that the evaporation of the third water molecule starts somewhere in this interval. The size 

difference between the peaks indicate that the dissociation energy is different for each water 

molecule and the calculated dissociation energy is a mean value for all the water molecules. The 

temperature required to dehydrate 2,5 water molecules is between 220 – 250 °C which coincide 

well with the temperature intervals presented in Table 3. 

 

 

 

  

Figure 10: DSC signal and dehydration process at different heating rates, 5 °C/min (left) and 10 °C/min (right). 
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3.2  ENERGY MAPPING 

3.2.1 Thermal energy 

In Appendix VI the process data for the days where the production of AlF3 was above 40 ton in 

2016 is shown and evaluated. The average NG consumption per ton produced is calculated and 

the result is displayed in Table 8. 

Table 8. The NG consumed per ton AlF3 produced in each of the unit operations 

Unit operation NG consumption (MWh/ton AlF3) 

Drum dryer 1 0,56 

Drum dryer 2 0,32 

Calcination oven 0,11 

Total 0,99 

  

The energy consumption is the highest in the first drum dryer and is then decreased as the 

product moves through the drying process. This is reasonable as the amount of water that is 

being evaporated is reduced in each step. The energy consumption distribution between the unit 

operations during standard operating conditions is shown in Figure 11. The natural gas flow 

detectors used are old and the accuracy is not entirely reliable. This is shown when comparing the 

total NG flow to the added registered flow. There is a part of the NG consumption that can not 

be allocated to any unit operation. 

  

Figure 11. The energy consumption distribution between the unit operations during standard 

operating conditions. 
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The total amount of thermal energy consumed in the drying process 2016 was 18648 MWh and 

the distribution between the unit operations is shown in Figure 12.  

  

3.2.2 Electrical energy 

The electrical energy consumption calculations can be viewed in Appendix VII. The total power 

consumption during 24 hours was calculated or measured for each electrical power consumer. 

The average production of AlF3 per day, based on the operating days used in the NG 

calculations, was used to determine the energy consumption in MWh per ton AlF3 produced. The 

distribution of the different electrical power consumers for the drum dryers and the centrifuge is 

shown in Figure 13/14/15 and the power usage for each unit is shown in Table 9. The energy 

distribution is not shown for the calcination oven as the only power consumer of importance is 

the blow machine. 

  

Figure 12. The energy consumption distribution between the unit operations during 2016 

and the consumption in MWh.  
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Table 9. The operational mode and description for each of the electrical power consumers within the drying 

process 

Static Cyclical 

ID 
Consumption 

(KWh/ton AlF3) 
ID 

Consumption 

(KWh/ton AlF3) 

Disc feeder - 

1604 
1,32 

Centrifuge engine - 

1602;1 
34,00 

Screw conveyor  

-1770-1 
0,87 

Hydrate engine - 

1602;2 
0,57 

Screw conveyor   

1770-2 
0,91 Varying 

Screw conveyor  

- 1771 
0,57 ID 

Consumption 

(KWh/ton AlF3) 

Screw conveyor - 

1772 
0,57 Circulation fan - 1752 2,49 

Drum rotor 

engine - 1773-1 
3,78 Circulation fan - 1753 11,29 

Screw conveyor - 

1774 
0,19 Exhaust fan - 1754 1,12 

Screw conveyor  

- 1775 
0,57 Exhaust fan - 1755 1,58 

Drum rotor 

engine -1776-1 
3,02 

Combustion air fan - 

1756 
4,10 

Screw conveyor - 

1777 
0,57 Exhaust fan - 1737 3,40 

Screw conveyor - 

1778 
0,57 

Blow machine 

combustion air - 1738 
6,85 

Rotary valve - 

1715 
0,09 
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Figure 14. The electrical power distribution between the different unit 

consumers for drum dryer 2. 

Figure 13. The electrical power distribution between the different unit 

consumers for drum dryer 1. 

Figure 15. The electrical power distribution between the different unit 

consumers for drum dryer 2. 
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3.2.3 Overall energy consumption 
The overall energy consumption for each unit operation in the drying process is shown in Table 

10. 

Table 10: Overall energy consumption per ton AlF3 produced in each section. 

AlF3 centrifuge Drum dryer 1 Drum dryer 2 Calcination oven 
Thermal Electrical Thermal Electrical Thermal Electrical Thermal Electrical 

- 35,89kWh 0,56MWh 21,6kWh 0,32MWh 10,2kWh 0,11MWh 10,34kWh 

Thermal and electrical 

35,89kWh 0,59MWh 0,33MWh 0,12MWh 

Total 

1,08MWh 

 

3.3 ENERGY EVALUATION 

The amount of bound water found in the product mass entering the drying process is between 

3,5 and 7,4 times larger than the amount free water, as mentioned in “2.4 Energy evaluation”.  The 

amount of energy needed to dehydrate the product of the bound water is also about 18 % larger 

than that of the free, based on the addition of the dissociation energy. It is therefore clear that 

most of the energy that needs to be supplied in the drying process is for the dehydration of the 

bound water.  

3.3.1 Measurement results 

The result from the LOI measurements performed is shown in Table 11 and the amount of 

bound water molecules is shown in Table 12.  

Table 11: Water content measurements at the outlet of the unit operations in the drying process. 

Date of 

measurements 

Centrifuge (% 

free water w.b) 

Drum dryer 1 

(% bound 

water w.b) 

Drum dryer 2 

(% bound 

water w.b) 

Calcination oven (% 

bound water w.b) 

2017-04-11 - 19,93 1,62 0,54 

2017-05-15 6,23 19,71 1,54 0,44 
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Table 12: The amount of water removed in each unit operation and remaining bound water molecules per mole 

AlF3 at each outlet. 

Unit operation Drum dryer 1 Drum dryer 2 Calcination oven 

Remaining water 

molecules 
1,15 0,07 0,02 

Removed bound 

water (%) 
62 36 2 

 

It was previously assumed that 2,5 water molecules, 83 % of the bound water, was removed in 

the drum dryers. The LOI measurements shows that almost all of the bound water, 98 %, is 

removed in the drum dryers. This is due to the high operating temperature in drum dryer 2 and 

the long residence times. The result of the LOI measurement at 300 °C for 3 hours show that 2,7 

water molecules can be removed at this temperature. It would therefore be better to lower the 

temperature to around 280 - 290°C in the second drum dryer to remove around 2,5 water 

molecules and prevent hydrolysis. As the hydrolytic reaction takes place at temperatures above 

300 °C, the drying time above this temperature should be as short as possible and that is why the 

remaining water should be removed in the calcination oven, which can be operated at a much 

higher temperature. As of now, the bound water content after the drum dryers is very low which 

means that only a small amount of water is evaporated in the calcination oven.  

A comparison between the measured thermal energy consumption and the calculated thermal 

energy consumption is shown in Figure 16 and the calculated thermal efficiency is shown in 

Table 13.  

Table 13: The thermal efficiency for the unit operations in the drying process. 

Unit operation Drum dryer 1 Drum dryer 2 Calcination oven 

Thermal efficiency 0,55 0,36 0,19 
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The calculations are based on the operating conditions measured on 2017-05-15. Because of the 

low moisture content of the product entering the calcination oven, the energy needed to 

evaporate the water is low compared to the drum dryers. The thermal efficiency of the 

calcination oven is very low (19 %). This means that a big part of the thermal energy supplied is 

not used to evaporate water. However, a lot of the energy in the hot flue gases are regenerated as 

they are used for the preheating of the combustion air for both of the drum dryers and as drying 

air in the first. A comparison between the natural gas consumption and water removed in each 

unit operation is shown in Figure 17. Utilizing the current drying process, the theoretical 

minimum energy required to dry the product sufficiently was calculated to 0,58 MWh/ton AlF3 

 

 

Figure 16: Comparison between the measured energy consumption and the theoretical estimated 

consumption. 
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As mentioned above, the majority of the energy consumed in the first drum dryer is for the 

dehydration of bound water. The distribution is shown in Table 14. 

 

Table 14: Energy distribution for the thermal processes in drum dryer 1. 

𝑸𝒇𝒓𝒆𝒆 (%) 𝑸𝒃𝒐𝒖𝒏𝒅 (%) 𝑸𝒑𝒓𝒐𝒅𝒖𝒄𝒕 (%) 

19,29 80,56 0,15 

 

3.3.2 Replacing the AlF3-centrifuge 

The energy savings calculations were performed using a thermal efficiency of 0,55 in the first 

drum dryer, this values is based on the energy balance solved in “3.3.1 Measurement results”. To see 

how the efficiency influences the results, calculations were performed for efficiency 10 

percentage points below and above the estimated. All of the main results are presented in Table 

15. 

 

 

Figure 17: Comparison between natural gas consumption and water removal in the drying process.  
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Table 15. The results obtained from the savings calculation performed on the new centrifuge 10 % points below 

calculated efficiency (left), calculated efficiency (middle) and 10 % points above calculated efficiency (right) 

Thermal efficiency 0.45 0.55(calculated) 0.65 

Energy saved (MWh/year) 3026 2476 2095 

Cost reduction (kSEK/year) 1472 1205 1019 

Payback (year) 3,4 4,2 4,9 

 

It is clear that the thermal efficiency of the drum dryer greatly influences the amount of energy 

saved and therefore also the cost. Utilizing the estimated efficiency the payback for the new 

centrifuge with a required investment of 5,0 MSEK would be 4,2 years. Reducing the energy 

consumption by 2476 MWh/year would decrease the energy demand in drum dryer 1 by 23,6 % 

and the overall by 13,2 %, based on the natural gas consumption of 2016. 
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4 CONCLUSIONS 
The drying process at Alufluor AB was evaluated which included studying the thermal 

decomposition of aluminum fluoride trihydrate and an energy mapping over the process. The 

dehydration process was confirmed to consist of two steps and the dehydration enthalpy was 

estimated to 2660 kJ/kg water. The thermal studies also yielded data concerning the drying rate 

that can be used when designing a new drying process. The dehydration enthalpy was used to 

estimate the theoretical minimum energy required to dry the product. 

The dehydration data was used to make estimations on the thermal efficiency of the different unit 

operations utilizing process data. However, in order to make better estimations, process data 

needs to be collected for this purpose. During this investigation, it was noted that the calcination 

oven was not used to the extent that was previously assumed. The investment of a new centrifuge 

proved to be profitable and could greatly reduce the energy consumption in the first drum dryer. 
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APPENDIX  

I. ELECTRICAL POWER CONSUMPTION 

The momentary electrical power consumption measured on 3rd of March 2017. 

ID Description 

Power consumption 

(kW) 

1602;1 Centrifuge engine 90 

1602;2 Hydrate engine 1.5 

1604 Disc feeder 3.5 

1772 Screw conveyor 1.5 

1771 Screw conveyor 1.5 

1770-1 Screw conveyor 2.3 

1770-2 Screw conveyor 2.4 

1774 Screw conveyor 0.5 

1775 Screw conveyor 1.5 

1777 Screw conveyor 1.5 

1778 Screw conveyor 1.5 

1773-1 Drum 1 rotor engine 10 

1776-1 Drum 2 rotor engine 8 

1715 Rotary valve 0.25 
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The amount of energy consumed during the measured 24 hour period. Measurements were 

carried out on the 19/4 and the 20/4 2017. 

ID Description 

Power consumption  

(MWh/day) 

1737 Exhaust gas fan calcination oven 0 

1738 Blow machine combustion air 0,435 

1752 Circulation fan drum dryer 1 0,717 

1753 Circulation fan drum dryer 2 0,158 

1754 Exhaust gas fan drum dryer 1 0,071 

1755 Exhaust gas fan drum dryer 2 0,101 

1756 Combustion air fan for drum dryers 0,260 
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II. CALCULATIONS FOR THE END TEMPERATURE 

AND HF FORMATION IN THE DSC 

EXPERIMENTS. 

function [T,Cf,mf]=Exp_temp(LOI,mtot) 
% Calculates the end temperature at a certain moisture content (LOI). 
% Then calculates the amount of HF that has formed based on the total mass 

of the sample 

  
cw5 = @(T) 7.45e-5*T^2-8.53e-2*T+24.47-LOI; 

  
cw10 = @(T) 7.65e-5*T^2-9.55e-2*T+29.34-LOI; 

  
cw20 = @(T) 7.38e-5*T^2-9.10e-2*T+27.99-LOI; 

  
T(1) = fzero(cw5,400); 
T(2) = fzero(cw10,400); 
T(3) = fzero(cw20,400); 

  
Cf(1) = -2.25e-4*T(1)^2+17.22e-2*T(1)+32.41; 
Cf(2) = -2.40e-4*T(2)^2+19.82e-2*T(2)+26.5; 
Cf(3) = -5.06e-5*T(3)^2+4.04e-2*T(3)+59.86; 

  
Cf0 = 67.88; 
MAlF3 = 83.9767; 
MAlF33H2O = MAlF3 + 3*(18.01528); 

  
mf(1) = mtot * (MAlF3/MAlF33H2O) * ((Cf0-Cf(1))/100); 
mf(2) = mtot * (MAlF3/MAlF33H2O) * ((Cf0-Cf(2))/100); 
mf(3) = mtot * (MAlF3/MAlF33H2O) * ((Cf0-Cf(3))/100); 

  

  
end 
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III. ORDER SPECIFICATIONS FOR DSC 

EXPERIMENTS. 

 

Bilaga 1 Specifikationer 

Beställningen avser DSC-analys av aluminiumfluorid-trihydratprover från Alufluor AB. 

Nedan följer en specifikation av materialet och vilka experiment som ska utföras. 

 

Material: Aluminiumfluorid-trihydrat (AlF3∙3H2O) 

Utförande: Två mätningar per heating rate (totalt 8 mätningar) i inert kvävgasatmosfär. Se 

heating rates i tabell. 

Analys: Experimentet avser att bestämma den energi som krävs för att värma provet från det 

att dehydreringen påbörjas (ca. 108 °C) till sluttemperaturen för respektive heating rate, se 

tabell nedan för sluttemperaturer. 

Heating rate (°C/min) Sluttemperatur (°C) 

5 495 

10 512 

20 529 

50 560 

 

Rapportering: Skriftlig rapport innehållande data från utförda experiment samt uppskattad 

tillförd energimängd i respektive temperaturintervall. Rapport Alufluor AB tillhanda senast 

den 31 mars 2017. 

I priset ingår kostnader som kan uppstå i samband med skador på utrustningen då 

experimenten utförs. 
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IV. ENERGY BALANCE OVER THE UNIT 

OPERATIONS IN THE DRYING PROCESS.  

 

function [Q1,Q2,Q3]=EnergybalanceT1(LOI,LOI2,LOI3,X_fritt) 
% funktionen beräknar mängden avdriven bunden fukt i kg vatten / kg 
% anhydrat. Vid en bestämd LOI på utgående produkt ut ur torktrumma 1. 
  
if nargin == 0 
%     Från de gamla mätningarna 
%     LOI = 19.1; 
%     LOI2 = 1.6; 
%     LOI3 = 0.5; 
  
%   Mätningar 2017-05-15 
    LOI = 19.71; % Fukthalt WB av bundet vatten ut ur TT1 
    LOI2 = 1.54; % Fukthalt WB av bundet vatten ut ur TT2 
    LOI3 = 0.44; % Fukthalt WB av bundet vatten ut ur Kalcineringsugnen 
    X_fritt = 0.0623; % Fukthalten WB fritt vatten ut ur centrifugen 
end 
% Input flöde av naturgas 
F_NG_TT1 = 181.21; % nm3/h 
F_NG_TT2 = 109.13; % nm3/h 
F_NG_KALC = 28.37; % nm3/h 
  
% Båda inputs is %. 
%% TORKTRUMMA 1 
% BUNDET 
X_out = LOI/(100-LOI); % Fukthalten på hydraten ut ur trumman DB (bunden fukt) 
X_in = 0.391/(1-0.391); % fukthalt på trihydraten in i trumman DB (bunden fukt) 
X_loss_db = X_in-X_out; % avdriven bunden fukt i torktrumma 1 kg vatten/kg anhydrat 
  
% FRITT 
  
x1 = 0.3916; 
X_fritt_db = (X_fritt./(1-X_fritt)).*(1+x1./(1-x1));% Fukthalten av fritt vatten ut ur centrifugen på dry basis 
  
%% TORKTRUMMA 2 
% BUNDET 
X_out2 = LOI2/(100-LOI2); % Fukthalten på hydraten ut ur trumman DB (bunden fukt) 
X_in2 = X_out; % Fukthalten på hydraten in till trumma 2 (samma som ut från trumma 1) 
X_loss_db2 = X_in2-X_out2; % avdriven bunden fukt i trumma 2 kg vatten/kg anhydrat 
  
%% KALCINERINGSUGN 
% BUNDET 
X_out3 = LOI3/(100-LOI3); % Fukthalten på hydraten ut ur ugnen DB (bunden fukt) 
X_in3 = X_out2; % Fukthalten på hydraten in till ugnen (samma som ut från trumma 2) 
X_loss_db3 = X_in3-X_out3; % avdriven bunden fukt i ugnen kg vatten/kg anhydrat 
  
%% MOLMASSABERÄKNINGAR FÖR OLIKA HYDRATER 
M_h = 138.023; % g/mol 
M_a = 83.9767; 
  
% UT FRÅN TT1 
M_x1 = M_a+((M_h-M_a)*(1-(X_loss_db/(0.391/(1-0.391))))); 
  
% UT FRÅN TT2 
M_x2 = M_a+((M_h-M_a)*(1-((X_loss_db+X_loss_db2)/(0.391/(1-0.391))))); % Beräknar molmassan för hydraten som bildats 
under torkningen 
 
%% BERÄKNING 
  
[Qtot1,Q1] = TT1(X_loss_db,X_fritt_db,M_x1); 
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[Qtot2,Q2] = TT2(X_loss_db2,M_x1,M_x2); 
[Qtot3,Q3] = KALC(X_loss_db3,M_x2); 
QtotMWhyear = [Qtot1 Qtot2 Qtot3]; 
QtotKW = QtotMWhyear./7.3; 
table(Q1,Q2,Q3) 
  
fprintf('Power output (kW):\nDD1: %.1f\nDD2: %.1f\nCAL: %.1f\n\n',QtotKW(1),QtotKW(2),QtotKW(3)) 
  
% NG beräkningar (använder flödena i inputs) 
  
LHV_NG = 11.05; % kWh/m3 
  
Q_NG1 = F_NG_TT1*LHV_NG; % kW blir det det? 
Q_NG2 = F_NG_TT2*LHV_NG; % kW blir det det? 
Q_NG3 = F_NG_KALC*LHV_NG; % kW blir det det? 
  
efficiency = [QtotKW(1)/Q_NG1,QtotKW(2)/Q_NG2,QtotKW(3)/Q_NG3]; 
  
%% Diagram 
%TOTAL med uppmätta naturgasförbrukningar 
% Q = [10482 Qtot1;6066 Qtot2; 2100 Qtot3]; % gamla värden 
Q = [Q_NG1 QtotKW(1);Q_NG2 QtotKW(2);Q_NG3 QtotKW(3)]; % baserat på uppmätta NG förbrukningar 
figure(1) 
bar(Q) 
legend('Supplied energy from natural gas','Theoretical energy consumption') 
ylabel('kW') 
set(gca,'XTick',[1 2 3],'XTickLabel',... 
    {'Drum dryer 1','Drum dryer 2','Calcination oven'}); 
title('Energy consumption in the drying process') 
  
% Total med beräknade rökgaseffekter 
% figure(5) 
% bar([Qrok1 Qtot1;Qrok2 Qtot2]) 
% legend('Exhaust gas energy','Theoretical energy consumption') 
% ylabel('MWh/year') 
% set(gca,'XTick',[1 2],'XTickLabel',... 
%     {'Drum dryer 1','Drum dryer 2'}); 
% title('Energy consumption per year') 
  
% fördelning TT1 
figure(2) 
bar([0 0 0 ;Q1; 0 0 0],'stacked') 
set(gca,'XTick',[1 2 3],'XTickLabel',... 
    {'','Drum dryer 1',''}); 
legend('Q free','Q bound','Q product') 
  
% PLOT REMOVED MOISTURE IN UNIT OPERATION 
moisture(X_in,X_loss_db,X_loss_db2,X_loss_db3) 
  
% Heat capacity change hydrate->anhydrate 
% Cp 
  
fprintf('Free Water: %.4f\n\nBound water:\nDD1: %.2f\nDD2: %.2f\nCAL: %.2f\n\nEfficiency:\nDD1: %.2f\nDD2: 
%.2f\nCAL: %.2f\n\n',X_fritt,LOI,LOI2,LOI3,efficiency(1),efficiency(2),efficiency(3)) 
end 
  
function [Qtot1,Q1] = TT1(X_bound,X_free,M_x1) 
M_h = 138.023; % g/mol 
M_a = 83.9767; 
m_da = 640*1.2754; %volymsflöde från henrik NTP och densitet för luft google. 
m_ALF3 = 2920.83; %kg/h 
H_Tout = 2776.59; %kJ/kg Från Mörstedt overheated steam 1 bar 150degC  
h_Tin = 377; % kJ/kg 
H_dehyd = 2711; %kJ/kg dehydreringsentalpi 
  
Cp_steam = 2; % kJ/kgK från internet 1 bar 150 deg overheated steam 
Cp_3h = 1.78; %kJ/kg K från tidigare undersökningar mail för hydraten med 3 vatten 
Cp_1h = 1.42; % kJ/kg K från tidigare undersökningar för hydraten med 1 vatten 
Cp_da = 1.1; %kJ/kgK "A new approach for simplyfing the calculation of flue" artikel 
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T_in = 90; %degC 
T_out = 150; 
T_inda = 155; 
T_outda = 150; 
  
Qfree = (m_ALF3*X_free*(H_Tout-h_Tin))*7.3/3600; 
Qbound = (m_ALF3*X_bound*(H_dehyd+Cp_steam*(T_out-100)))*7.3/3600; 
  
Qprod_in = (m_ALF3*(M_h/M_a)*Cp_3h*T_in)*7.3/3600; 
Qprod_out = (m_ALF3*(M_x1/M_a)*Cp_1h*T_out)*7.3/3600; 
Qprod = Qprod_out - Qprod_in; 
  
Qdryingair = (m_da*Cp_da*(T_outda-T_inda))*7.3/3600; 
  
Qtot1 = Qfree + Qbound + Qprod + Qdryingair; %MWh 
Q1 = [Qfree Qbound Qprod]; %MWh 
end 
  
function [Qtot2,Q2] = TT2(X_bound,M_x1,M_x2) 
M_h = 138.023; % g/mol 
M_a = 83.9767; 
  
m_ALF3 = 2920.83; %kg/h 
H_dehyd = 2660; %kJ/kg dehydreringsentalpi 
Cp_steam = 2; % kJ/kgK från internet 1 bar 150 deg overheated steam 
Cp_1h = 1.42; % kJ/kg K från henriks mail för hydraten med 1 vatten 
Cp_ALF3 = 0.24; % kJ/kg K från Klas mail, mätningar som de gjort, finns 0,4 och 0,5 också 
  
T_in = 150; %degC 
T_out = 360; 
  
Qprod_in = (m_ALF3*(M_x1/M_a)*Cp_1h*T_in)*7.3/3600; 
Qprod_out = (m_ALF3*(M_x2/M_a)*Cp_ALF3*T_out)*7.3/3600; 
Qprod = Qprod_out - Qprod_in; 
  
Qbound = (m_ALF3*X_bound*(H_dehyd+Cp_steam*(T_out-T_in)))*7.3/3600; 
Qtot2 = Qbound+Qprod; 
Q2 = [Qbound Qprod]; 
  
  
end 
  
function [Qtot3,Q3] = KALC(X_bound,M_x2) 
M_a = 83.9767; 
m_ALF3 = 2920.83; %kg/h 
H_dehyd = 2660; %kJ/kg dehydreringsentalpi 
Cp_steam = 2; % kJ/kgK från internet 1 bar 150 deg overheated steam 
Cp_ALF3 = 0.24; % kJ/kg K från Klas mail, mätningar som de gjort, finns 0,4 och 0,5 också 
  
T_in = 360; %degC 
T_out = 530; 
  
Qprod_in = (m_ALF3*(M_x2/M_a)*Cp_ALF3*T_in)*7.3/3600; 
Qprod_out = (m_ALF3*Cp_ALF3*T_out)*7.3/3600; 
Qprod = Qprod_out - Qprod_in; 
  
Qbound = (m_ALF3*X_bound*(H_dehyd+Cp_steam*(T_out-T_in)))*7.3/3600; 
Qtot3 = Qbound+Qprod; 
Q3 = [Qbound Qprod]; 
  
  
end 
  
function Cp 
  
Cp = [20153 155668 57817 145184 246143]./1000; %kJ/kmol K 
Xh2o = [0 0.1 0.5 1 3]; 
Cp2 = [0.4 0.5].*83.97; 
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figure(3) 
plot(Xh2o,Cp,'o-',0,Cp2(1),'ro',0,Cp(2),'go') 
xlabel('Number of bound water molecules') 
ylabel('Specific heat capacity (kJ/kmol K)') 
title('Change in specific heat capacity of hydrated AlF_3') 
  
end 
  
function moisture(X_in,X_loss_db,X_loss_db2,X_loss_db3) 
  
y = (1-([0,X_loss_db,X_loss_db+X_loss_db2,X_loss_db+X_loss_db2+X_loss_db3]./X_in))*100; % Change in bound water 
content over the unit operations 
figure(4) 
plot([0 1 2 3],y,'o--') 
set(gca,'XTick',[0 1 2 3],'XTickLabel',... 
    {'Initial','Drum dryer 1 outlet','Drum dryer 2 outlet','Calcination oven outlet'}); 
ylabel('Bound water content (%)') 
title('Change in bound water content throughout the drying process') 
  
  
end 
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V. CENTRIFUGE CALCULATION AND COST 

ESTIMATION 

  

 %% Besparingsberäkning centrifug 
% Alufluor is thinking of investing in a new centrifuge that will lower the 
% amount of free moisture by 5 %. This script aims to calculate the annual 
% savings of such an installation in kSEK/year and the payback time on the investment. 
function []= Centrifug_besparing(Xsave,eff) 
%% Initital Conditions 
if nargin == 0 
    Xsave = 5; % Moisture content reduction due to change of centrifuge 
    eff = 0.55; % Efficiency of the first drum dryer 
    m = 3000/3600; % Production rate of anhydrate [kg/s] 
end 
%% 
[Cost,Energy]  = cost(Xsave,eff,m) % Annual savings in costs 
[Payback] = payback(Cost) % Payback time in years 
  
%% Calculation functions 
    function [Cost_save Energy_save] = cost(Xsave,eff,m) 
%% Constants 
x1 = 0.3916; % Bound water content on dry basis 
Hvap = 2258e-3; % Evaporation ethalpy in MJ/kg for water at 1 atm 100 degC 
Cp_steam = 2e-3; % Specific heat for steam up to 150 degC [MJ/kgK] 
dT = 60; % Temperature gradient over the first drum dryer 
h = 7300; % Operating hours in a year [h] 
%% Calculating the reduction in water load on the first drum dryer 
% Z is the change in water free water content on dry basis when the free 
% moisture content is reduced 1 % on wet basis. This is done in the 
% interval of a wet basis of 3 % - 10%. 
X = linspace(0.03,0.1,8); 
test = @(x2) (x2./(1-x2)).*(1+x1./(1-x1)); % Function that calculates the dry basis based on the wet basis 
Y = test(X); 
Z=zeros(1,7); 
for i=1:7 
    Z(i)=Y(i+1)-Y(i); % Calclates the change in kg water per kg anyhydrate as the wet basis is reduced from 10 % to 9 % and so 
forth. 
end 
db_save = [Z(1) Z(end) mean(Z(1,:))]; % Change in kg water/kg anhydrate when w.b is changed from 4-3,10-9 and the mean 
value over the interval 
db_save_tot= db_save*Xsave; % The total amount of change in kg water/kg anhydrate when w.b is changed from 4-3,10-9 and 
the mean value over the interval 
%% Calculating the reduction in evaporation load on the first drum dryer 
Energy_save = (m*(Hvap+Cp_steam*dT).*db_save_tot*h)./eff; % The amount of energy saved as decrease in evaporation load 
on the first drum dryer in MWh/year when w.b is changed from 4-3,10-9 and the mean value over the interval 
%% Calculating the cost and taxes in SEK/MWh Natural Gas 
Energy_tax = 945*(1-0.7); % SEK/1000 m^3 NG. The correction term is for the energy tax reduction for 2017 
Carbon_tax = 2424*(1-0.2); % SEK/ 1000 m^3 NG. The correction term is for the carbon tax reduction for 2017 
k = 1000/11.5; % Factor to change [m^3/MWh] 
  
NG_cost_winter = 313.6; % Price on NG i SEK/MWh without energy/carbon - taxes during the winter period nov-mar 
NG_cost_summer = 271.9; % Price on NG i SEK/MWh without energy/carbon - taxes during the summer period apr-oct 
  
nov_mar = 272151+ 202247 +243115 + 252224 + 266577; % Total NG consumption in the drying process during the end of 
2015 and the beginning on 2016, some values have been removed as they seemed unreliable 
apr_okt = 219451+ 164347+ 231531 + 241370 + 211460 + 116371; % Total NG consumption in the drying process during april 
- september 2016,some values have been removed as they seemed unreliable  
winter = nov_mar/(nov_mar+apr_okt); % Fraction of NG consumed during the winter period 
NG_cost = winter*NG_cost_winter+(1-winter)*NG_cost_summer; % Weighting the different consumptions over the different 
periods to get an average price over the whole year 
%% Calculating the total annual savings 
Cost_save = Energy_save*(NG_cost+k*(1/1000)*(Energy_tax+Carbon_tax))/1000; % Annual savings in kSEK/year 
    end 
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    function [Payback] = payback(cost_save) 
        % Calculates the payback time based on the annual increase in 
        % savings. 
        invest_cost = 5000; % Investmentcost for a new centrifuge [kSEK] 
        Payback = invest_cost./cost_save; 
    end 
  
end 
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VI. NATURAL GAS CONSUMPTION PER TON 

PRODUCED ALF3 

Process data for the natural gas consumption for the unit operations in the drying process. The 

figure shows production days on the x-axis, only days with a production of >40 ton/day is 

shown. 
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VII. ELECTRICAL POWER CONSUMPTION PER  

 

 

 

 

Centrifuge
Unit operation Average power consumption (kW) Operating hours per day Total consumption (MWh/day)

Centrifuge engine 1602;1 90 24 2,16

Hydrate engine 1602;2 1,5 24 0,036

Average power consumption (kW) Operating hours per day Total consumption (MWh/day)

Disc Feeder-1604 3,5 24 0,084

Total (MWh/day): 2,28

Total (MWh/ton): 0,035893433

Drum dryer 1
Unit operation Average power consumption (kW) Operating hours per day Total consumption (MWh/day)

Screw conveyor 1770-1 2,3 24 0,0552

Screw conveyor 1770-2 2,4 24 0,0576

Screw conveyor 1771 1,5 24 0,036

Screw conveyor 1772 1,5 24 0,036

Drum rotor engine 1773-1 10 24 0,24

Screw conveyor 1774 0,5 24 0,012

Capacity meter reading 13:00 19/4  (MWh)  Capacity meter reading 13:00 20/4 (MWh) Total consumption (MWh/day)

Circulation fan 1753 - - 0,717

Exhaust fan 1754 11,4824 11,5534 0,071

Total (MWh/day): 1,2248

Total (MWh/ton): 0,0192817

Drum dryer 2
Unit operation Medeleffekt (kW) Operating hours per day Total consumption (MWh/day)

Screw conveyor 1775 1,5 24 0,036

Screw conveyor 1777 1,5 24 0,036

Screw conveyor 1778 1,5 24 0,036

Drum rotor engine 1776-1 8 24 0,192

Capacity meter reading 13:00 19/4  (MWh) Capacity meter reading 13:00 20/4 (MWh) Total consumption (MWh/day)

Circulation fan 1752 - - 0,158

Exhaust fan 1755 12,4569 12,5574 0,1005

Total (MWh/day): 0,5585

Total (MWh/ton): 0,008792317

Calcination oven
Unit operation Medeleffekt (kW) Operating hours per day Total consumption (MWh/day)

Rotary valve 1715 0,25 24 0,006

Capacity meter reading 9:15 19/4  (MWh) Capacity meter reading 9:15 20/4 (MWh) Total consumption (MWh/day)

Exhaust fan 1737 Från FLUKE 0

Blow machine combustion air 1738 80,2461 80,6815 0,4354

Total (MWh/day): 0,4414

Total (MWh/ton): 0,006948843

Fläktar
Capacity meter reading 13:00 19/4  (MWh) Capacity meter reading 13:00 20/4 (MWh) Total consumption (MWh/day)

Combustion air fan, drum dryers 1756 40,8322 41,0925 0,2603

Economizerfläkt Trumtorkar 1757- - 0

Total (MWh/day): 0,2603

Total (MWh/ton): 0,004097834

Total (MWh/day): 4,765

Total (MWh/ton): 0,075014126

Electrical Power Consumers in the Drying Process 


