
1 

 

BILAGA 8 

 

 

 

 

AP6 Report 

 

Techno-economic analysis of thermal plasma torch 

application for heating furnaces. 

 

 

Ilman Nuran Zaini 

Weihong Yang 

 

 

 

 

 

 

 

 

 

Department of Materials Science and Technology 

KTH Royal Institute of Technology 

 

 

 

 

  



2 

 

Summary 

 

In this report, a technical evaluation and economic analysis of plasma scenarios for the heating 

furnaces in the steel industries are carried out. The objectives of the techno-economic analysis 

is to evaluate the efficiency of different plasma system configurations and operating conditions, 

as well as to analyze the economic aspect of the process in regard to the other CO2 mitigation 

process. The results show that the electric power consumption and price are the main major cost 

elements of the plasma scenario. A -/+ 25% change in the price of electricity will significantly 

change the total production cost (by 20%) and the CO2 avoidance cost (by 70%). It is also 

estimated that that a decrease in the plasma torch efficiency from 90 to 80% may increase the 

CO2 avoidance and total production cost up to 63% and 18%, respectively. Furthermore, 

compared to the post combustion CO2 capture process and the hydrogen oxy-combustion, the 

installation of plasma torches to replace fossil-fuel burners can potentially has a lower total 

production cost, as well as CO2 avoidance cost. At the highest value of plasma torch efficiency, 

the use of plasma torch cause an additional production cost of 62.6 SEK/t-steel. This number 

corresponds to the CO2 avoidance cost of 761 SEK/t-CO2. 
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1 Introduction 

1.1 Background 

The electrification of furnaces in the steel industry faces a big challenge as a significant portion 

of high-temperature heat is required to meet the operational need. These requirements are 

challenging to comply with conventional electrified heating (e.g., resistance and induction 

heating). Hence, the use of plasma torches as the route for electrification is gaining interest. 

The main advantages of plasma torches compared to other alternatives are the high temperature 

in the plasma jet, the plasma’s high energy density, and the possibility of using different plasma 

gases depending on the desired application. Replacing fossil fuel burners with plasma torches 

can also lead to lower operating costs and greenhouse gas emissions. Other advantages include 

controlled process chemistry, small installation sizes and rapid start-up and shutdown features.  

In this report, techno-economic analysis of plasma-heated furnaces are carried out. The analysis 

modeling includes scenarios with a full plasma heating and combinations of plasma heating and 

gas burners. Furthermore, a simple economic analysis is carried out to compare the cost of 

operating plasma torches compared to other CO2 low technologies. 

 

1.2 Overview of the low emission heating technologies 

 

   

Figure 1. Comparison between different heating technologies. 
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In general, current research and development of alternatives heating technologies for 

decarbonization of steel industries mainly focus on the plasma heating, biomass syngas 

combustion, hydrogen combustion, resistive electrical heating, and induction electrical heating. 

Figure 1 shows typical energy efficiency and the possible operating temperature for those 

technologies. The figure is drawn based on the typical values of efficiency and operating 

temperature of current related technologies. For instance, current efficiency of the thermal 

plasma torches is in the range 75-95% depends on the type of plasma torch. DC plasma torches 

typically have a lower efficiency than the AC plasma torches due to the energy loss in the AC-

DC rectifier.  In the case of biomass syngas and hydrogen combustion, the energy efficiency is 

relatively low due to the energy loss during the fuel production (i.e., hydrogen electrolyzer and 

biomass gasification). Furthermore, despite their high energy efficiency, the application of 

resistive and induction heating to replace existing fossil-fuel burners might requires high capital 

cost for redesigning the existing furnace. This is different in the case of plasma torches, biomass 

syngas, and hydrogen burner as they are relatively easier to be installed in an existing furnace 

without any needs for redesigning the existing furnace. Therefore, in this report, an economical 

comparison of different heating technologies is presented without considering the resistive and 

induction heating. 

Further lists of advantage and challenges in implementing the aforementioned technologies are 

presented below. 

 

1.2.1 Plasma torch 

Advantages: 

• High operating temperatures 

• High heating rates 

• Flexible process gases. 

Challenges: 

• Significant amount of energy loss due to plasma cooling. 

• Energy loss in the rectifier in the case of DC plasma torch. 

• NOX emission in the presence of air. 

• Additional electricity power generation and grid capacity when applied to large scale 

furnaces. 

 

1.2.2 Hydrogen combustion 

Advantages: 

• High operating temperatures 

• High heating rates 

Challenges: 
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• Relatively low efficiency  in terms of the power-to-H2 production process (56-80% [1]). 

• Additional electricity power generation and grid capacity if the electrolyzer would be built 
on site to supply the H2 to large scale furnaces. 

 

1.2.3 Biomass-based syngas combustion 

Advantages: 

• High operating temperatures as syngas’s adiabatic flame temperature could be higher than 
the natural gases. 

• Possibility for a combination with existing LPG burner operation for an intermediate 
energy transition. 

Challenges: 

• High cost of biomass feedstock. 

• Relatively low energy efficiency in term of biomass to syngas production (60-70%). 

• Reliable source of biomass for long-term large scale processes. 

• CO2 post processing might be required for a carbon negative processes. 

 

1.2.4 Resistive & induction heating 

Advantages: 

• No exhaust gases; hence, possibility for inert heating 

• High thermal efficiency 

• Possibility for local or spot heating 

• Compact units 

Challenges: 

• May require a redesign of the existing furnace in the case of retrofitting. 

 

1.3 Objectives 

The objectives of the techno-economic analysis is generally to increase the general 

understanding of plasma technology in heating processes and propose a cost-effective technical 

solution. To achieve that goal, the objectives are further specified as follows. 

• To evaluate the efficiency of different plasma system configurations and operating 

conditions. 

Analysis of the economic aspect of the process in regard to the other CO2 mitigation process 

and insentives. 
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2.1.1 Assumption of plasma torch operating conditions 

 

Table 1. Assumptions of the operating condition of the thermal plasma torch. 

Operating conditions Values Notes 

Efficiency of the AC-to-DC rectifier 92.5% Selected as an average value of typical 

efficiency of 90–95 %. 

Maximum efficiency of the plasma torch 90% The maximum value is based on the theoretical 

number suggested by ScanArc.  

Total maximum power-to-heat efficiency 83.25% Sum of rectifier and plasma torch efficiency. 

Specific enthalpy of the plasma gas  2–4 kWh/m3 Represents the working conditions according to 

ScanArc. During the pilot trials, the plasma 

torch was operated at an average value of ±3.8 

kWh/m3 

 

In this report, DC plasma torches are selected for the process simulation and economic 
calculation works. A unit of DC plasma torch system typically consist of an AC-to-DC rectifier 

to supply DC electric power; a torch; and a tuyere. The operating parameters of the plasma 
torch used in the simulation were mainly determined based on the results of the previously 
conducted pilot trials within the PLATIS project. Further recommendations from ScanArc 

regarding the possible operating conditions for future application of the plasma torches are also 
considered in the simulation.  

Table 1 summarizes those assumptions used in the process simulation. 

 

2.1.2 Continuous furnace 

The simulation of the continuous furnace is modeled based on the SSAB Borlange’s reheating 
furnace as can be seen in Figure 3. From the data in Figure 3, scope and assumptions for the 

operating conditions of the simulated furnace were determined as described in Figure 4. In the 

process simulation, the new installed plasma torch system is assumed to replace the existing 

burners at the same heating zone and distribution. Hence, the process model is simplified by 

assuming that the temperature of the inlet part of the walking beam furnace is equal to 1000 °C 

(see point “A” in Figure 3). Correspondingly, this approach is implemented in the process 

simulation by setting the final temperature of the plasma gas at 1000 °C. Whereas, the plasma 

gas’s temperature decreases to 1000 °C is a result of heating 192 t/h steel from 0 to 1200 °C, as 

well as the 5.4% of furnace heat loss as shown in Figure 4. Further details on the assumptions 

are summarized in Table 2. 
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Final temperature of the plasma 

gas/flue gas after steel heating. 

1000 °C The value was used to determine the 

minimum required plasma power. 

 

Based on the assumption described above, a process simulation model is constructed in Aspen 

Plus software. The flowsheet diagram of the model is shown in Figure 5. 

 

 

Figure 5. The developed process flow diagram of the continuous reheating furnace for plasma 
scenario. 

 

In addition to the full plasma torch scenario, further process simulation is carried out to 

investigate the performance of a plasma torch and gas burner combined heating process. This 

is done by adding an RGibbs block to simulate a chemically equilibrium combustion process. 

The gas burner is assumed to use a syngas produced from a biomass gasification with the 

composition is listed in Table 3.  

Table 3. The composition of dry biomass-derived syngas [3]. 

Syngas components Amount (vol.%) 

H2 27.5 

CO 24.4 

CO2 45.8 

CH4 1.5 

N2 0.8 
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2.1.3 Batch furnace 

 

 
Figure 6. Soaking pit furnace configuration and arrangement of the ingots [4]. 

 
 

Table 4. Typical operating procedures of the existing soaking pit furnace (informations are 
provided by OVAKO). 

Operation Propane energy input λ Flue gas temperatures 

Heating of the furnace    

At the initial temp. 900 °C 560 kW 1.02 ~900 °C 

At the target temp. 1200 °C  560 kW 1.02 ~1200 °C 

Soaking period 150 kW 1.02 ~1200 °C  

 

 

The OVAKO’s soaking pit furnace is selected for the case study of the batch furnaces. The 

details information of the furnace are obtained from the readily available literature [4,5] and 

directly obtained from OVAKO. The furnace has the following dimensions: a length of 

2865 mm, a width of 2838 mm and a height of 1885 mm, as shown in Figure 6. The 560 kW, 
oxy-fuel flameless burner as well as the exhaust channel are located at the furnace front wall, 

in order to reinforce a better flue gas recirculation. The burner thermal power is 560 kW. A total 

of six 4.2 ton ingots are normally heated inside the chamber. The ingots are heated from 900 to 

1200 °C. The detailed typical operating procedures of the heating process is presented in Table 

4. 
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Table 5. Heat flux parameters for the exterior walls. 

Exterior walls Heat loss (kW/m2) [4] Area (m2) Heat loss (kW) 

Bottom 0.53 5.35 2.83 

Longitudinal wall 0.45 8.13 3.65 

Transversal wall 0.50 5.40 2.70 

Lid 0.65 5.35 3.47 

Total heat loss (kW) 12.69 

 
 

 
For the process simulations, the exterior walls were treated as a heat sink with a fixed heat flux 
as described in Table 5. The simulation of the plasma torch scenario was then conducted in a 
steady state to represent two different moments as follows, 
1. The moment when the furnace temperature just reaches the target temperature of 1200 °C. 
2. The moment during the soaking period (constant temperature of 1200 °C). 
 
This is done by assuming a plasma torch is installed in the same position as the existing gas 
burner. Also, the heat transfer characteristics on the ingot and the wall surfaces (Table 5) are 
assumed to be constant.  
 
To be able to run the plasma scenario simulation, the information about the heat rate 
consumption of the ingot is needed. This is done by calculating the energy balance of the 
existing process through the following equation, 
 𝑄𝑓𝑢𝑒𝑙̇ = 𝑄𝑖𝑛𝑔𝑜𝑡̇ + 𝑄𝑙𝑜𝑠𝑠−𝑤𝑎𝑙𝑙̇ + 𝑄𝑙𝑜𝑠𝑠−𝑓𝑙𝑢𝑒̇  
 
Where 𝑄𝑓𝑢𝑒𝑙̇  is the energy input from LPG (kW), 𝑄𝑖𝑛𝑔𝑜𝑡̇  is the heat rate consumption of the 

ingot (kW), 𝑄𝑙𝑜𝑠𝑠−𝑤𝑎𝑙𝑙̇  is the heat loss through the furnace walls (kW) as described in Table 5, 
and 𝑄𝑙𝑜𝑠𝑠−𝑓𝑙𝑢𝑒̇  is the sensible heat loss of the flue gas. From the calculation, the value of 𝑄𝑖𝑛𝑔𝑜𝑡̇  
is known to be 444 kW at the moment when the furnace just reach 1200 °C, and 107 kW during 
the soaking period. 
 
Thereafter, the plasma torch scenario is evaluated in term of the energy and mass flow during 
the heating process. 
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2.2 Economic calculation 

2.2.1 Scope of analysis and assumptions 

In this report, an economic analysis of a plasma scenario is performed based for the case of a 

continuous reheating furnace as described in section 2.1.2. The analysis is carried out based on 

the assumption that the new heating system is added to replace the existing burner in the 

furnace. Hence, the calculation of the capital cost (CAPEX) is determined by only considering 

the cost of the new added equipment excluding the capital cost of the existing furnace. In 

addition to the economic analysis of plasma torch system, analysis of other emerging CO2 

mitigation technologies are also carried out which include the post-combustion CO2 process 

and hydrogen combustions. In general, the economic analysis is determined based on the 

following assumptions.  

• Scale of furnace: The furnace is based on a SSAB’s reheating (walking-beam) furnace as 
shown Figure 3. The existing furnace has a maximum burners capacity of 128 MW. An 

operating condition of 192 t-steel/h is assumed for the economic analysis. 

• Currency: The results of the analysis are expressed in SEK applicable to 2021. 

• Lifetime of the new heating system (n): 20 years. 

• Discount rate of capital cost (r): 8% 

• Cost of electricity: 0.45 SEK/kWh 

• Cost of LPG: 0.42 SEK/kWh 

• Operating hours per year: 8640 h 

 

A scaling factor is used for converting the value of CAPEX obtained from literature based on 

the ratio of the capacity/scale which is formulated as follows.  

  𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =  [𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑠𝑡𝑢𝑑𝑦𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 ]0.6
 𝐶𝐴𝑃𝐸𝑋 𝑓𝑜𝑟 𝑡ℎ𝑖𝑠 𝑠𝑡𝑢𝑑𝑦 = 𝐶𝐴𝑃𝐸𝑋 𝑓𝑟𝑜𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑥 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 

Nevertheless, for certain CAPEX parameters, the cost is assumed to be linearly increase with 

the production capacity such as the CAPEX of plasma torch (in SEK/MW). In this case, the 

total cost is calculated directly by multiplying the specific cost with the actual scale used in this 

study. 

The cost of production for heating the steel is presented as the levelized total production cost 

which is formulated as follows, 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 = 𝐶𝑐𝑎𝑝𝑒𝑥 ∗ 𝐴𝐶𝐶 +  𝐶𝑜𝑝𝑒𝑥𝑎𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 
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economic analysis. It should be noted that in the economical calculation, the fixed operation 

and maintenance cost of existing furnace (e.g., walking beam maintenance, labor, etc.) is 

excluded from the calculation. Hence, the total OPEX cost of the reference furnace only 

considers the cost of energy and the maintenance of the existing burners. The cost of burner 

maintenance is assumed to be 3% of the capital cost of burners. This is done by assuming the 

current price of burner equal to 0.32 MSEK/burner [6] as shown in Table 8. 

 

Table 7. The assumptions of the reference plant’s operating conditions. 

Operating conditions Value Notes 

Maximum capacity 128 MW  

Slab input 192 t/h  

LPG consumption 377 kWh/t-steel  

CO2 emission 82.9 kg-CO2/t-steel Based on the specific LPG’s CO2 
emission of 0.22 kg-CO2/kWh [7]. 

 

Table 8. The assumption of burner’s maintenance cost for existing furnace U301. 

Number of burners CAPEX of burner Maintenance cost of burner 

75a 24 MSEKb 0.72 MSEK/year 
ainformation provided by SSAB Borlänge. 
bassuming the price of the burners is the same (0.32 MSEK/burner [6]) regardless the capacity of each 

burner. 

 

In the post-combustion CO2 capture scenario, a process based on the amine-based technology 

is added at the end of the flue gas stream with monoethanolamine (MEA) as the solvent as 

illustrated in Figure 8. This technology is chosen as it is among the most adapted post-

combustion CO2 removal technologies. Figure 9 shows the typical process simulation diagram 

of an amine-based post combustion process. The capture plant consists of two main elements, 

the CO2 absorber and the amine stripper. The CO2 in the flue gas enters the absorber and 

contacts with the MEA aqueous solution flowing countercurrently to form a water soluble salt 

(“rich” MEA solvent). The rich MEA stream exits the absorber at the bottom of the column, 

which is then preheated before going to the stripper. In the stripper, with the further addition of 

heat (provided by the reboiler), the reaction is reversed. The CO2 is released from the MEA and 

leaves through the top of the stripper column, whereas the ‘lean’ MEA is recycled back to the 
absorber. 

. 
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Table 10. The assumption of the operating condition of the MEA CO2 capture process. 

Parameters Value Ref. 

CO2 capture efficiency 90% [10] 

Efficiency of the electric reboiler 100%  

Reboiler duty 3.6 MJ/kg-CO2 [9] 

CO2 transport and storage cost 223.4 SEK/t-CO2 [11] 

 

 

2.2.4 Reference furnace with hydrogen oxy-combustion scenario 

 

Figure 10. The process flow diagram of the hydrogen scenario developed in Aspen Plus. 

 

For comparison purposes, the economics of the scenario where the existing burners are replaced 

with hydrogen oxy-combustion burners are analyzed. In this scenario, the combustion is 

assumed to use the existing heat recuperator of the reference plant as described in Figure 3. A 

process model is then developed in Aspen Plus (see Figure 10) to determine the minimum 

required amount of hydrogen and oxygen. As shown in Figure 10, the oxygen input is assumed 

to be preheated at 650 °C through the existing recuperator. An RGibbs block is then used to 
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Table 12. Cost parameters for hydrogen scenario. 

Parameters Value Notes 

H2 price 25 SEK/kg Assumed to be an average price of green H2 
in 2021 based on the price range (~22–28 
SEK/kg) reported by IRENA [13]. 

O2 price 0.4 SEK/kg Price provided by Linde. 

Oxy-fuel burners 0.32 MSEK/burner  Price from [6]. 

Control system 2 MSEK/zone Price from [6]. 

CAPEX of H2 transmission 0.077 SEK/MWhH2/km New dedicated infrastructure. Includes 
pipeline and compressor. Price is taken 
from [1]. 
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Figure 13. Effect of the plasma gas (CO2) specific enthalpy on the operating condition of the 

plasma torches obtained at the maximum torch efficiency of 90%. 

 

Figure 13 shows the relationship between the specific enthalpy of the plasma gas carrier and 

the operating conditions of the plasma torch system. As shown in the figure, the system requires 

the lowest electrical power input when it is operated with the highest plasma gas enthalpy of 4 

kWh/Nm3. At the higher enthalpy values, the temperature of the plasma jet would become 

higher as well. As a result, the furnace can be heated up to the required operating temperature 

with relatively lower electrical input. 

Table 13. Comparisons of flue gases flow obtained from different fuels and oxidizers with net 
energy input of 57.3 MW. 

Fuel/energy 
Oxidizer/ 

plasma gas 

Fuel amount 

(kg/h) 

Oxidizer/plasma 

gas input (Nm3/h)a 

Flue gas mass 

flow (kg/h) 

Hot flue gas 

(Nm3/h)b 

Plasma CO2 - 15137 29972 72245 

LPG Air 4451 55337 73622 275196 

LPG O2 4451 11274 20562 74648 

Hydrogen Air 1719 45659 59953 259106 

Hydrogen O2 1719 9492 15282 90256 
aat 25 °C, 1 bar 
bwet gases, at 1000 °C and 1 bar 
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As shown in Figure 13, the volume flowrate of the CO2 needed for plasma gas carrier is 15137 

Nm3/h at 25 °C. The volume flowrate of the flue gases inside the furnace is an important factor 

that should be considered when changing the fossil fuel burner with plasma torch. The different 

amount of flue gases after changing the system to plasma torch could affects the operability and 

the performance of such heating furnace. Table 13 shows the comparisons of flue gases flowrate 

obtained from different fuels and oxidizers. The flowrate of the flue gases are obtained by 

performing combustion simulations with a net energy input of 57.3 MW. This energy input 

value is equal to the value in the plasma torch scenario with the highest plasma gas enthalpy of 

4 kWh/Nm3 and plasma efficiency 90%. As shown in the table, the volume flowrate of the CO2 

plasma gas carrier at 1000 °C (gas temperature after heating process) is comparable to the flue 

gases obtained from oxy-fuel combustion of LPG or hydrogen (~75000 Nm3/h wet flue gas). 

However, the value is significantly lower (3.5 times lower) compared to the air-fuel combustion 

(>250000 Nm3/h wet flue gas). 

 

 
Figure 14. Specific power consumption for steel heating at different operating conditions of the 

plasma torch with CO2 as plasma gas. 

 

Figure 14 presents the specific energy consumption of the plasma torch heating system at 

different operating conditions. As shown in the figure, the calculation results indicate that the 

specific energy consumption of the plasma-based furnace is similar to that of existing furnace, 

when it is operated at a specific gas enthalpy higher than 3 kWh/Nm3 and plasma torch 

efficiency higher than 85%. The highest furnace efficiency is equal to 63% that is obtained at 

plasma torch efficiency 90% and specific plasma gas enthalpy 4 kWh/Nm3. Figure 15 shows 

the energy flow diagram of the furnace at the highest level of efficiency. 
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Figure 17. The furnace efficiency obtained at different amount of flue gases being recirculated to 

the tuyere (plasma gas specific enthalpy = 4 kWh/Nm3; torch efficiency = 90%). 

 

Figure 17 shows a possible configuration in which a fraction of the flue gas is recirculated as a 

forma gas input to the tuyere, while the rest of the flue gas is recirculated as a gas input to the 

torch. In this configuration, the heat loss due to the flue gas cooling can be reduced. 

Nevertheless, the amount of required electric power increases with the amount of flue gases 

being used as forma gas. Figure 17 shows the furnace efficiency obtained from different amount 

of forma gas. The results in the figure is obtained by assuming that the heat loss in the tuyere is 

constant to the plasma torch’s power. As shown in the figure, the furnace efficiency decreases 

with the increases of the flue gas amount going into the tuyere. This is mainly due to the increase 

in the required plasma power to maintain the same furnace’s operating temperature. As there 
are more forma gas with relatively lower temperature, the final plasma jet temperature decrease 

with the raise of the forma gas proportion. 

From the explanation above, it can be concluded that injecting a secondary gas into the tuyere 

should be avoided to maintain a high heating performance. Nevertheless, the use of forma gas 

could be useful in some cases. An example is the injection of secondary air for NOX reduction 

in the case of air-based plasma torch. Another example, is the use of H2O for special processes 

as it can not be injected into the plasma torch directly. 

 

3.1.1.2 Combined plasma torches and gas burners 

In the plasma scenario, another possible configuration is the combination between plasma 

torches and gas burners. The use of biomass-based syngas in the burners would be beneficial 

considering that it is arguably a carbon neutral energy sources. The combination also has a 
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• The flue gas has to be cooled to separate the water content as it harmful to the main plasma 

torches.  

 

 

Figure 19. Effect of the share of energy input from biomass syngas on the required plasma power, 
furnace efficiency, and the total energy efficiency. 

 

Figure 19 shows the effect of the share of energy input from biomass syngas on the required 

plasma power, furnace efficiency, and the total energy efficiency. The results are obtained by 

assuming the highest plasma torch efficiency and CO2 as plasma gas carrier as described in 

Figure 15. As shown in the figure, the furnace efficiency is slightly increase with the increase 

of energy share from biomass syngas. At approximately 85% of biomass energy share, the 

furnace efficiency is 63.6% which is slightly higher than the full plasma scenario (63%). This 

trend is mainly due to the gas burner that has a higher thermal efficiency than plasma torches. 

Nevertheless, the use of biomass syngas has a low total energy efficiency (as calculated by the 

formula below) due to the low energy efficiency of the biomass gasification process. An 

increase of biomass energy share from 0 to 85% decrease the total energy efficiency from 63 to 

46.5%. 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  𝐻𝑒𝑎𝑡 𝑡𝑜 𝑠𝑡𝑒𝑒𝑙 𝑠𝑙𝑎𝑏𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 +  𝑝𝑙𝑎𝑠𝑚𝑎 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 
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3.1.2 Batch furnace 

 

 

Figure 20. The energy flow diagrams of the soaking pit furnace with the existing oxy-fuel burner 
(upper), and the simulated plasma torch (lower), at the moment it reaches target temperature of 

1200 °C with a net input energy to the furnace of 560 kW. 

 
 

Figure 20 shows the energy flow diagrams of the OVAKO’s soaking pit furnace with the 
existing oxy-fuel burner and the simulated plasma torch. The figure illustrates the energy 
balance at a point where the furnace just reach its target temperature of 1200 °C after the heating 
process from 900 °C. The simulation of the plasma scenario is performed with assumptions of 
plasma gas specific enthalpy 4 kWh/Nm3, torch efficiency 90%, and CO2 as the plasma gas 
carrier. As shown in the figure, a higher amount of energy input is required in the plasma 
scenario to maintain the same operating temperature. This is due to the higher amount of energy 
loss in the rectifier and the cooling system of the torch and tuyere. At this point, the estimated 
furnace efficiency for the plasma scenario is 66%, which is lower compared to the oxy-fuel 
burner (79.2%). In addition, a CO2 flow if 147.8 Nm3/h is required in the plasma scenario. 
However, it should be noted that the heat transfer phenomenon inside the furnace is not 
considered in the simulation work, which actually affects the efficiency and the total required 
heating time in the real applications.  
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Figure 21. The energy flow diagrams of the soaking pit furnace with the existing oxy-fuel burner 
(upper), and the simulated plasma torch (lower), during the soaking period at 1200 °C with a net 

input energy to the furnace of 150 kW. 

 
Figure 21 shows the energy flow diagrams during the soaking period at a constant temperature 
of 1200 °C. During this moment, the energy input is decreased from 560 kW to 150 kW. At this 
moment, the estimated furnace efficiency for the plasma scenario is 59.4%, while the efficiency 
of the oxy-fuel burner is 72.0%. A CO2 flow if 39.6 Nm3/h is required in the plasma scenario 
during this period. 
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3.2 Economic evaluation 

3.2.1 Cost comparisons 

In this report, an economic analysis of a plasma scenario is performed based for the case of a 

continuous reheating furnace as described in section 2.1.2. In addition to the economic analysis 

of plasma torch system, analysis of other emerging CO2 mitigation technologies are also carried 

out which include the post-combustion CO2 process and hydrogen combustions. 

The details of the total estimated CAPEX of the plasma, MEA and hydrogen scenario are 

presented in Table 14, Table 15 and Table 16 respectively. The plasma scenarios is evaluated 

based on the process presented in Figure 12, in which CO2 is used as plasma gas carrier and 

fully recirculated throughout the process. As shown in Table 14, the estimated CAPEX value 

for the plasma scenario is around 549.2 MSEK. The main CAPEX component in the case of 

the plasma scenario is the plasma torch system itself as its price equal to 70% of the total 

CAPEX. Meanwhile, the main component of the MEA process is the CO2 capture unit which 

account for 40% of the total CAPEX. In general, adding the MEA process in the existing 

furnace costs 52% lower CAPEX than replacing the existing burner with plasma torches. On 

the other hand, the hydrogen scenario has a significantly lower CAPEX (51.5 MSEK) than other 

scenarios if the cost of H2 transmission is not considered in the estimation. Nevertheless, the 

estimated CAPEX of the hydrogen scenario could potentially reach 508.9 MSEK if the cost of 

H2 transmission is included with an assumption of a 50 km transmission line. 

 

Table 14. CAPEX of the plasma torch system installation . 

CAPEX parameter  Cost (MSEK)  

Electricity grid 48.6 

Plasma torch system 384.0 

CO2 filter and compressor 38.8 

Project design & management 77.8 

Total CAPEX (MSEK) 549.2 

 

Table 15. CAPEX of the MEA-based CO2 capture process installation. 

CAPEX parameter Cost (MSEK) 

Pretreatment unit 20.8 

CO2 capture unit 105.4 

CO2 compressor 85.3 

Auxiliary 4.5 

Project design & management 44.6 

Total CAPEX (MSEK) 260.7 
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Table 16. CAPEX of the hydrogen scenario. 

CAPEX parameter 
Cost (MSEK) 

With H2 transmission Without H2 transmission 

Burner  24.0 24.0 

Control system 16.0 16.0 

H2 transmission 363.1 - 

Project design & management 81.6 9 

Total CAPEX (MSEK) 508.9 51.5 

 

The total production cost of all scenarios is presented in Table 17. In this table, the value of the 

production cost does not consider the capital cost of the existing furnace, the fixed O&M of the 

existing furnace, as well as the cost of labor for the operation of the new installed system. As 

shown in the table, the production cost of the plasma scenario is approximately 221.3 SEK/t-

steel, which is mainly dominated by the cost of electricity. Hence, compared to the existing 

operation, the installation of new plasma heating system will require additional production cost 

of 62.6 SEK/t-steel. 

Furthermore, the production cost of plasma scenario is cheaper than that of MEA scenario, 

despite the higher CAPEX of plasma torches. This difference could be more larger if the cost 

of labor is considered in the OPEX calculation of the new system, as the operation of MEA 

process arguably would need more labor cost than that of plasma torch operation. The cost of 

energy in the MEA process is a 41.5 SEK/t-steel higher than that of existing furnace due to the 

operation of the electric reboiler and the CO2 compressor (discharge pressure 150 bar). In total, 

83.6 SEK/t-steel additional cost is needed in the MEA scenario. 

On the other hand, the hydrogen scenario has the highest production cost regardless if the H2 

transmission is considered in the cost calculation which up to 263.1 SEK/t-steel. Nevertheless, 

the production cost is significantly lower if the H2 transmission is excluded which is equal to 

231.8 SEK/t-steel. This number is about 5% higher than the plasma scenario. This higher cost 

is due to the high cost of green hydrogen fuel that is currently between 22-28 SEK/kg [13]. 

Nevertheless, it is predicted that the cost of green hydrogen can potentially be cheaper in the 

future. IRENA predicted that the cost of hydrogen can be as low as 13 SEK/kg in 2030 and 10 

SEK/kg in 2050 [13]. 
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Table 17. Total production cost for different technologies excluding cost of labor and capital cost 
of the existing furnace. 

Cost 

(SEK/t-steel) 

Existing 

furnace 

 New installed process 

 

Plasma MEA 

Hydrogen 

(with H2 
transmission) 

Hydrogen 

(without H2 
transmission) 

CAPEX (levelized) -  35.4 16.8 31.2 3.2 

OPEX        

Electrical power -  179.0a 41.5 - - 

Fuels 158.3  - 158.3 231.1b 231.1c 

Other O&M 0.4  6.9 23.6 0.7 0.7 

Total OPEX 158.8  185.9 223.7 231.8 231.8 

Total production cost (SEK/t-

steel) 

158.8  221.3 235.5 263.1 231.8 

Additional cost to the 

reference furnace (SEK/t-

steel) 

-  62.6 83.6 104.3 76.2 

aplasma torch efficiency = 90% 
bhydrogen and oxygen 

 

Table 18. The CO2 emission and CO2 avoidance cost. 

Parameters Plasma MEA 

Hydrogen 

(with H2 
transmission) 

Hydrogen 

(without H2 
transmission) 

CO2 emitted (kg-CO2/ton-steel) - 8.3 - - 

CO2 captured (kg-CO2/ton-steel) - 74.6 - - 

CO2 avoided (kg-CO2/ton-steel) 82.9 74.6 82.9 82.9 

CO2 avoidance cost (SEK/t-CO2) 760.6 1120.6 1258.0 919.4 

 

Table 18 presents the CO2 emission and CO2 avoidance cost. As shown in the table, at the best 

scenario (i.e., highest plasma torch efficiency and specific plasma gas enthalpy), the plasma 

scenario has a lower CO2 avoidance cost than the MEA and hydrogen scenario. For instance, 

the cost is equal to 760.6 SEK/t-CO2. These values are at least 47% and 21% lower than that of 

MEA  and hydrogen scenario, respectively. 
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3.2.2 Sensitivity analysis 

3.2.2.1 Effect of the plasma torch efficiency 

 

 

 

 

Figure 22. The effect of the plasma torch efficiency on the total production cost and CO2 
avoidance cost. 

 

Figure 22 presents the relationship between the plasma torch efficiency and the total production 

cost, as well as the CO2 avoidance cost. It can be seen in the figure that the efficiency of the 

plasma torch significantly affects the production cost. Specifically, a decrease in the efficiency 

from 90 to 80% cause an increase in the production cost by almost 18%. This significant 
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increase is caused by the different in the cost of electricity, which accounts for at least 80% of 

the production cost as explained previously. 

Furthermore, the effect of the plasma torch efficiency is more pronounced in the case of CO2 

avoidance cost. As shown in the figure, a decrease in the efficiency from 90 to 80% would 

increase the CO2 avoidance cost up to 63%, as it increase from 761 to 1246 SEK/t-CO2. 

 

3.2.2.2 Effect of the cost parameters 

Figure 23 shows the sensitivity analysis of production cost for plasma scenario. As discussed 

before, the electrical energy consumption and price are the major parameter that influence the 

total cost in the plasma scenario, which is also demonstrated in Figure 23. As shown in the 

figure, variations in the electric price within the -/+25% range can shift the production cost by 

20%. At the lower case of electric price (0.375 SEK/kWh), the production cost decreases from 

222 to 177 SEK/t-steel. This reduction in the cost of electricity can significantly reduce the CO2 

avoidance cost by more than 60% as it decreases from 552 to only 221 SEK/t-CO2 as shown in 

Figure 24. Correspondingly, a raise in the electric price would significantly increase the CO2 

avoidance cost. 
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Figure 23. Sensitivity analysis of total production cost for plasma scenario. 

 

 

Figure 24. Sensitivity analysis of CO2 avoidance cost for plasma scenario. 

 

3.2.2.3 Effect of the NOX treatment cost 

The process simulation and the economic analysis that are presented in the previous sections 

are performed by assuming that there is no NOX formation for the plasma scenario. This is 

theoretically possible with the use of CO2 or N2 as the plasma gas carrier and by preventing air 

leakage. Nevertheless, depends on the process requirement, the use of plasma torch could still 

have a potential NOX formation. For example, when the process requires an excessive exposure 

of the plasma jet to the outside air.  

In the case of plasma heating, the reduction of NOX can be done through either post-combustion 

methods or in-situ methods. In the post-combustion method, the Selective Catalytic Reduction 

(SCR) method is commonly used. The cost of SCR has been reported in the literature. In this 
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section, a typical cost of SCR for an industrial boiler as reported by  Sorrels et al. [14] is used 

to illustrate the potential cost of the SCR in the plasma scenario. According to the report, the 

cost of the SCR is at least USD 3490/ton-NOX (cost year of 2016). The cost value includes 

already both the CAPEX and OPEX elements of the SCR process with plant lifetime of 30 years 

[14]. The cost is calculated based on a NOX removal efficiency of 87.5%, with the amount of 

the NOX emission in the untreated flue gas equivalent to 150.5 mg/MJ [14]. This NOX 

concentration value is comparable with the results of the PLATIS’s pilot scale tests in the case 
of CO2 and N2 plasma gases (46–203 mg/MJ-CH4-eq.). Hence, the cost of the SCR is relevant 

to the plasma scenario of the PLATIS project. 

 

 
Figure 25. Cost of NOX removal for different concentrations of NOX emission (calculated at 

plasma gas specific enthalpy = 4 kWh/Nm3; torch efficiency = 90%). 

 

Figure 25 shows the additional cost that is required for the NOX removal at different 

concentration levels of NOX emission. As shown in the figure, an additional operating cost of 

5.9 SEK/t-steel is needed to eliminate NOX from a concentration of 50 mg/MJ-CH4-eq. This 

cost increase by four time to 23.8 SEK/t-steel if there are 200 mg/MJ-CH4-eq in the flue gas 

resulted from plasma heating. 

Another possibility of NOX reduction is the in-situ reduction that can be achieved through the 

optimization of the plasma torch design and the operating parameters. This potentially may has 

a lower total cost than the SCR method as it affect mostly the CAPEX. At the same time, OPEX 

cost for the NOX reduction can be limited as it does not requires costs for spent materials such 

as catalyst, as well as the cost of labor. 
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4 Conclusion 

In this report, a technical evaluation and economic analysis of plasma scenarios for the heating 

furnaces in the steel industries are carried out. From the results obtained in this study, following 

conclusions can be made. 

• In the case of a continuous reheating furnace with 100% plasma heat, the highest furnace 

efficiency is obtained when the flue gas is fully recycled as a plasma gas inlet. The injection 

of a secondary gas into the tuyere will reduce the heat capacity of the plasma gas that enter 

the furnace; thus, decreasing the efficiency. At the theoretical maximum efficiency of plasma 

torch, the result from the process simulation shows that the furnace efficiency is slightly 

higher than that of existing process. 

• Compared to the post combustion CO2 capture process and the hydrogen oxy-combustion, 

the installation of plasma torches to replace fossil-fuel burners can potentially has a lower 

total production cost, as well as CO2 avoidance cost. At the highest value of plasma torch 

efficiency (90%), the use of plasma torch cause an additional production cost of 62.6 SEK/t-

steel. This number corresponds to the CO2 avoidance cost of 761 SEK/t-CO2. 

• The results of the economic analysis show that the electric power consumption and price are 

the main major cost elements of the plasma scenario. A -/+ 25% change in the price of 

electricity will significantly change the total production cost (by 20%) and the CO2 

avoidance cost (by 70%). Correspondingly, the efficiency of the plasma torch is the most 

crucial operating parameters. It has been shown that a decrease in the plasma torch efficiency 

from 90 to 80% may increase the CO2 avoidance and total production cost up to 63% and 

18%, respectively. 
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