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1 Abstract 

In this master thesis an implementation of an Organic Rankine Cycle (ORC) on a stepping furnace in a 

steel mill is modeled and proposed. The study is a case study at the company Štore&STEEL d.o.o. with 

intentions of realization. In a steel mill a stepping furnace is used to preheat the steel billets for later 

forging. The stepping furnace is gas fired and already has recuperation of the inlet air implemented. Still 

there is high temperature of the stack after recuperation, which makes application of an ORC worth of 

researching and modeling. 

First the flue gas over one year of furnace operation is analyzed in terms of temperature and volumetric 

flow. Mass flow and heat capacity are calculated. A layout of an ORC is proposed and modeled in 

IPSEpro for different temperatures of the flue gas resulting in different output powers and efficiencies. 

For each temperature an economic viability calculation with the method of reference cost of electric 

energy is done. 

The results are presented and the best design and conditions are proposed. The results of the thesis 

proved that further detailed measurements and calculation are worthwhile , as the flue gas from the 

stepping furnace has satisfactory conditions to make an application of an Organic Rankine cycle viable. 

Also the least ammount of state support to fulfill the companies conditions on return of investment is 

calculated and presented.  Finally there are additional measurements and calculations suggested. 
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2 Preface 

 

In the recent years the importance of energy efficiency has been discussed and proven in numerous 

scientific journals and industry. By energy efficiency we mean the ratio between what goes in and what 

comes out of a process in terms of energy. Considering that everything that could be done to improve a 

process was done, taking into account all three pillars of sustainability, there is always going to be some 

waste energy left according to the laws of thermodynamics. There are numerous ways of how to exploit 

this waste energy left, depending on the type and application as well as location and other factors.  

Combined heat and energy plants have been present for more than a century but heat distribution comes 

with big losses as well as the fact that it is not needed all of the time. Therefore new bottoming cycles 

have emerged one of them being organic Rankine cycles. 

The European Union has high and ambitious goals set for energy efficiency and is strongly pushing the 

use of high efficiency combined power plants forward. Competing on the electricity market ORC 

technologies do not stand a chance without support schemes until there is a large technology and market 

shift towards renewables and high efficiency. As the support schemes are now present and the ORC 

technology is used as a bottoming cycle using the free waste heat, such applications may be viable. 

However each application is different and therefore a case study is needed such as in this thesis. 
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4 Introduction 

One third of global energy demand and 27% of global     emissions come from manufacturing [1]. In 

the steel industry approximately 20-40% of the product cost is energy, what makes the strive towards an 

efficient process in those industries constant and significant.. As this master thesis deals with a reheating 

furnace waste heat recovery and the reheat furnaces are used for hot rolling products, data for hot steel 

rolling will be presented. In 2012, 1471.673.000 metric tonnes of hot rolled products were made 

worldwide, from that 520.000 tonnes were rolled in Slovenia [2]. A large part of that were rolled in 

Store&STEEL. The stepping furnace used for preheating the steel billets uses 630      of natural gas [3] 

and heats the steel billets to approximately 1220 ˚C.  Hot flue gases from the furnace are first fed into a 

double recuperator to preheat the incoming combustion air and then let out to the environment via a 

chimney.  The hot flue gases have a temperature from 150 ˚C to 300 ˚C after the recuperator, which 

makes them usable for waste heat recovery.  Waste heat recovery of flue gases can be done in numerous 

ways depending on the chemical composition and temperature; for higher temperatures more than 300 ˚C 

a steam cycle can be used with the possibility of combined heat and power (CHP). For lower temperatures 

Organic Rankine cycle or Stirling cycle can be used. It should be noted that waste heat recovery is more 

prevalent in countries with high energy prices [1], and a feasibility study should be done before starting 

projects in such matter.  

To choose which type of technology to use for waste heat recovery first the boundary conditions have to 

be clear. The technology used should not affect the process of reheating the steel billets: 

 The condition of steel billets should remain unchanged.  

 The flow of inlet combustion air and flow of flue gases should not change, danger of natural gas 

concentration in the furnace 

 The flue gas at chimney should be at such speed and temperature to ensure normal ventilation 

and prevent condensation 

 Payback time for the technology used should be under 5 years 

 Installation process of technology used should not disrupt the work process in the company 

significantly-no downtime 

 There should be no adverse effects on the environment    

 

Considering all the above boundary conditions the best technology for the case of the waste heat recovery 

of flue gases on the stepping furnace at Store&STEEL d.o.o. is the ORC.  
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4.1 Organic Rankine cycle 

  

The working principle of the organic Rankine cycle is the same as at conventional Rankine cycle. A fluid is 

evaporated in the boiler the sent through a turbine or other expansion device. The fluid is then condensed 

in the condenser and pumped into the boiler. The difference between the ORC and the conventional 

Rankine cycle is the type of the fluid. The latter uses water as the working fluid while the ORC uses 

organic fluid such as refrigerants. Using refrigerants makes using low temperature heat sources possible, 

but comes with more boundaries. A basic ORC cycle is presented in Figure 4-1. 

 

 

 

 

Figure 4-1 Basic ORC cycle layout 

A fluid carrying source heat enters a number of heat exchangers where heat is exchanged to the working 

fluid of the ORC. Usually there are two heat exchangers; Preheater, where the working fluids temperature 

is raised to its bubble point and then the evaporator where the working fluid is evaporated. In some cases 

a third heat exchanger - superheater is added to superheat the vapor.  From states 5 to 1 there is isobaric 

heat addition to the working fluid. The vaporized fluid is then expanded in an expander from states 1 to 

2¸. After the expander there is still superheated steam due to the characteristic of the working fluid 

saturation line. 

The working fluid can be then directly send to the condenser where it cools down  and condensed or, if 

feasible, sent to another heat exchanger-regenerator where the sensible heat is transferred to the working 
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fluid before the preheater, as can be seen as the number 3 in Figure 4-2.  After the condenser the fluid is 

pumped to the pressure at state 5 and fed directly to the preheater or to regenerator if installed. 

 

 

Figure 4-2 ORC layout with regeneration 
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5 Methodology 

 

To design an optimal ORC layout a number of steps were followed. 

1. The chemical compound and temperatures of the flue gas were collected and analyzed. 

2. The boundaries of the system, including minimum stack temperature, minimum flue gas speed, 

flue gas channel dimensions, were set. 

3. Mass flow of flue gasses was calculated including water 

4. Dew point of flue gases  

5. Heat capacity of flue gases 

6. Pinch point temperature was set 

7. Layout of ORC with internal HE-regenerator 

8. The turbine in combination with the working fluid was chosen 

9. Solution of condenser cooling 

10. Optimizing the layout 

11. Economical assessment 
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6 Flue gas 

There were two types of flue gas measurements done on site. First was done by the company KOVA 

d.o.o. and is intended for yearly environmental report. The chemical compound of flue gasses is measured 

as well as humidity, temperature of flue gas and current meteorological conditions. Measurement results 

are shown in Table 1 [4]. The measurements are done once every three years. 

Table 1 Chemical compound of flue gas 

Chemical compound Year 2009 Year 2012 

Concentration of CO [g/  ] 0,005 0,0025 

Concentration of     [g/  ] / / 

Concentration of     [g/  ] 0,067 0,0603 

Concentration of    [g/  ] / / 

Concentration of     [g/  ] <0,00143 <0,00143 

Concentration of ash [g/  ] / 0,0011 

Humidity [g/  ] 41,4 41 

Flue gas Temperature [   C] 99,3 146 

Volumetric flue gas flow [    ] 26822 26262 

Meteorological conditions / / 

Volumetric chemical compound 

of flue gas 

12,2%   ; 4,9%    ; 78%    ; 

4,9%  Other 

15%   ; 3%    ; 78%   ; 4% 

Other 

 

The data obtained were measured on two occasions. From the collected information the mass flow of flue 

gas can be calculated, as well as the dew point and the heat capacity at the moment of measurement. 

Measurement of nitrogen was not executed. Therefore it was calculated from volumetric flue gas flow, as 

volumetric percentage of other compound was given and the sum has to be 100%. 

Second measurement [5] is done by Kompozit EMRA d.o.o. which is responsible for constant monitoring 

of flue gas temperature, ventilator power and opening of flue gas channel hatch. This measurement is 

done all year round on a two minute step and the data collected is from 1.1.2013 to 31.12.2013. Due to 

the large amount of data the figure is divided into four different periods, each representing three months 

of measurements. 
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Figure 6-1 Temperature of flue gas in 1/4 2013 

 

Figure 6-2 Temperature of flue gas in 2/4 2013 
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Figure 6-3 Temperature of flue gas in 3/4 2013 

 

 

Figure 6-4 Temperature of flue gas in 4/4 2013 
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The normal operation of the flue gas furnace begins each Monday at 4.00 a.m. and finishes Saturday 

evening at 10.00 p.m.  Between the off-operation time the furnace is still fired at a lower rate as complete 

cool-down would be less economical than the natural gas saved. The pattern can be clearly seen in the 

figures. In Figure 6-3 a yearly maintenance shutdown can be seen. Any other irregularities are due to the 

sensor break down or furnace malfunction.   

Ventilator operation and flue gas channel hatch opening are strongly connected to flue gas temperature, as 

they ensure optimal flue channel speed and volume flow. As can be seen from the figures the hatch was 

never fully opened as well as the ventilator was never at 100% power. From this it can be concluded there 

is room to overcome the pressure loss of a potential heat exchanger or exchangers in the flue gas channel. 

As the chemical compound is only measured at two occasions, a correlation between meteorological 

conditions, flue gas temperature and other factor cannot be calculated. Therefore an assumption that 

connects all the factors in a logical manner has to be established. 

 

6.1 Mass flow calculations 

As not all the measurement of compounds was done on the mass basis, the mass flow of the flue gas had 

to be calculated from the volumetric ratio of the chemical compounds. First volumetric flow of each 

component was calculated from the absolute volumetric flow and percentage of each component. Then 

Ideal gas law was used. 

 

            [eq 1] 

Where   is the absolute pressure of the flue gas,   the volume of flue gas,   the amount of substance 

measured in moles,   the universal gas constant and   the absolute temperature of flue gas. 

  
 

 
    [eq 2] 

Where   is the mass of the flue gas, and   is the molecular mass of the flue gas. From equation 1 and 2 

we can calculate the mass of each component of the flue gas.  Because the measurements provided give us 

volumetric flow, the equations 1 and 2 will give out the mass flow respectively. 

In Table 2 calculated mass flows of each component of the flue gas are presented as well as total mass 

flows. 
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Table 2 Mass flows of the flue gas 

Flue gas component Year 2009 Year 2012 

   [g/s] 443,5 237,67 

  [g/s] 929,88 1000,74 

  [g/s] 5202,04 4553,37 

   [g/s] 0,03725 0,01823 

   [g/s] 0,49918 0,43988 

   [g/s] 0,1065 0,1043 

Ash[g/s] n.a. 0,00802 

Humidity[g/s] 308,453 299,095 

Total[g/s] 6884,515 6091,445 

 

 

The mass flow can be calculated from measured volumetric ratio of compounds on two occasions, 2009 

and 2012. In between the data was not measured. Therefore, the mass flow calculation for the measured 

temperature of flue gas in 2013  can be only logically estimated. 

The data for mass flow which is used in thesis is based on the year 2012 data in Table 2, as the 

measurements were carried out at the working temperature and a lower mass flow gives more reserve for 

economic viability calculation. 
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6.2 Dew point of flue gas 

Since there is low humidity in the flue gases (always below 5% of volumetric compound) the dew point of 

water in the flue gas is below 35 ˚C according to the graphs found in the literature [6] and lectures given at 

KTH [7]. 

 

Figure 6-5 Dew point diagram 

 

 

However there is still some sulphur emission in the flue gases. The sulfur emissions have the dew point at 

110 ˚C to 170 ˚C [7]. Due to the fact that the sulphur emissions are very low and even without the ORC 

the furnace is often in the region of sulphur emission condensation the impact on the materials was 

neglected. This statement was further strengthened with the opinions of the maintenance department and 

the environment engineer at the company [8, 9]. 
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7 System boundaries 

 

The proposed ORC layout must be designed within the boundaries set. As written above, boundaries set 

must ensure that the already existing system will not be affected and no damage will be done. Also the 

boundaries provide the data to design an optimal ORC layout. 

 

  

   

 

 

 

 

 

 

 

 

7.1 Flue gas channel and chimney boundaries and 

restrictions 

 

The chimney constructed for the stepping furnace was designed by the company OFU-WIEN 

GES.M.B.H 

The data available for the chimney [10] is presented in Table 3 and the picture of the official manual is in 

the Appendix: 

Table 3 Flue gas channel and chimney data 

Name Values 

Flue gas volume flow 16.400       

Air volume flow 14.300       

Flue gas temperature before recuperator 770 ˚C 

Flue gas in 
Flue gas out 

Cooling water in 
Cooling water out 

Electricity out 

ORC 

Figure 7-1 ORC system boundaries 
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Flue gas temperature after recuperator 330 ˚C 

Air temperature before recuperator 20 ˚C 

Air temperature after recuperator 580 ˚C 

Max. allowed flue gas temperature 850 ˚C 

Max allowed air temperature 650 ˚C 

Resistance flue gas side 0,8 mbar 

Resistance air side 30 mbar 

Heat exchanger type Counterflow 

Heat exchanger specifications 1300 pipes, 44,5x2,6 

mm, 2450 long 

Chimney type Natural draft 

Chimney height 42,5 m 

Chimney radius 1560 mm 

Chimney middle temperature 300 ˚C 

Chimney max allowed temperature 370 ˚C 

Chimney maximum volume flow 18.600       

 

 

According to Table 3, the maximal temperature at the chimney inlet, where the heat exchangers for the 

ORC also should be located is 370    C.  The middle temperature is 300    C. Comparing these values to real 

measurements, a big difference can be seen. This is happening due to several reasons. First, the gas 

burners were changed with modern ones and second the flue gas channel lining has been changed during 

the years, and was not rebuild in the same way as before. However, no exact documentation about the 

changes exists apart from the gas burners.  

 

7.2 Available heat in the flue gas 

To calculate the available heat in the flue gas, first the temperature boundaries have to be set.  Because the 

ventilator is ensuring chimney draft and the sulphur emissions are very low a temperature of 100   C was 

chosen for the temperature of flue gas after the heat exchangers. The upper temperature varies according 
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to the operation of the furnace. To ensure a normal operation of the cycle the lowest temperature of flue 

gas was set to 160   C. The normal distribution of temperature is shown in Figure 7-2. 

 

Figure 7-2 Normal distribution of flue gas temperature 

As can be seen from Figure 6-1, Figure 6-2, Figure 6-3, and Figure 6-4 the temperature of flue gas is not 

constant mainly because of two factors. One is opening and closing of the furnace when loading and 

unloading and the steel billets in or from the furnace and the second is the operating schedule. The 

furnace never shuts down except for the yearly maintenance or malfunction. However every Saturday at 

10 p.m. the furnace goes into stand-by mode and returns to normal operation every Monday morning 4.00 

a.m. The furnace is put into stand-by mode to prevent a full cool-down during off-time.  In Table 4 

percentages of time for temperatures were calculated. This is one of the conditions when selecting the 

working fluid and the size of the lay-out. 

Table 4 Percentage of time at or above certain temperature 

Temperature of flue gas Percentage of time 

≥  220 ˚C 50,6 

≥  200 ˚C 62,3 

≥  180 ˚C 69,8 

≥  160 ˚C 76 
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7.3 Calculation of available heat 

 

 ̇      ̇             [eq 3] 

Where  ̇ is the heat available in flue gas in W,    is specific heat of the flue gas in        ,     is the 

temperature of flue gas coming from the reccuperator into the flue gas channel in K, and    is the 

temperature of flue gas leaving the heat exchangers of the ORC in K. 

 ̇ should be calculated with combustion equations using enthalpy and mass flow of flue gas.  

 ̇        ̇   [eq 4] 

                 [eq 5] 

       
 

   
      [eq 6] 

Where   is the stoichiometric air to fuel ratio and   is the specific fuel consumption. 

  
 ̇    

 ̇   
    [eq 7] 

As there is only yearly average data for natural gas mass flow and no data for mass or volume flow of 

input air,   could only be calculated with: 

   
         

                     
  [eq 8] 

To get enthalpies from tables an accurate temperature reading of input air is also necessary. As this is not 

available for a representative amount of time taking enthalpy approach would result in a greater mistake 

than taking the specific heat approach. 

 

    can be read from graphs (graph from help file) [11] or calculated using: 

      
     

     
      

    
     

           
   [eq 9] 

Since the temperature is changing all of the time of operation, the    is not constant. But as flue gas 

chemical compound measurement data for    calculation were done at 146   C,    for each fraction were 

also taken at that temperature. The calculation gave the value of    to be 1,06295         
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The value of     read from graphs [11] gave the value of 1,055        . This value may not be valid as 

percentage of excess air has to be known. The excess air data is not obtainable as there is no exact 

measurement of natural gas consumption and therefore no exact combustion calculations can be done. 

From furnace supervisors [8] an assessment of excess air in the range of 50 to 60 % was given and was 

assessed from volume fractions of    and     in the flue gases. 

Due to questionable method of obtaining excess air percentage, the method of calculating    from flue 

gas fractions was taken. The    is changing with temperature, but as the value taken was calculated for 

temperature of 146   C which is 50,946   C lower than mean temperature of flue gases (196,946   C ), the 

error of taking this value is small.  

 

Now, available heat can be calculated with the specific heat approach. Four     values were taken for the 

calculation taken from Table 4.    was chosen to be 100   C for reasons explained above.  

 

 ̇      ̇            [eq 10] 

 

Table 5 Available heat in flue gases for certain temperatures of flue gas 

 ̇[kW]   [       ]  ̇[kg/s]      [   C]   [   C] 

776,988 1,063 6,091 220 100 

647,490 1,063 6,091 200 100 

517,992 1,063 6,091 180 100 

388,494 1,063 6,091 160 100 

 

 

 

Figure 7-3 Available heat in flue gas in 2013 
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Average available heat in the flue gas is 837,241 kW, with the minimum of 388,494 kW and maximum 

value of 1264,507 kW. These values were calculated with taking into account that the lowest temperature 

of flue gases for the ORC is 160    C and the lowest stack outlet temperature to the chimney is 100    C. 

 

8 Design of ORC 

To design an optimal ORC layout a number of factors have to be considered. Best results are achieved 

when all the temperatures, pressures and mass flows are constant. The flue gas from the stepping furnace 

studied in this thesis varies in terms of temperature and mass flow. Since the mass flow measurements are 

only available for two occasions and the difference between them is because of different temperatures and 

the mass flow taken in the available heat calculation was at the temperature of interest, the latter value was 

taken when designing the ORC cycle. The variable temperature of the flue gas proved to be a bigger 

problem. As the temperature of the flue gas varies from 50   C to 295   C a question was raised in terms of 

how to design the cycle to use most of the heat that is available in the flue gas and to ensure smooth and 

safe operation of the cycle. As this thesis is intended for industry use, commercially available equipment 

and machinery were used. 

 

First a suitable turbine on the basis of available waste heat had to be chosen. An online research of the 

ORC applications and equipment manufactures and providers was done. As the possible application of an 

ORC on the site would be small, manufacturers that offer small size ORC and are known for their 

reliability and flexibility were searched for. Due to availability of the data, references and price, Infinity 

Turbine ® [12], was chosen. The manufacturer offers a number of turbines and layouts. From the data 

online and email correspondence [13, 14] the system IT100 was chosen. The IT100 is a radial outflow 

turbine with the possibility to couple it with either 50 kW or 100 kW generator. The system also uses a 

proven working fluid-Pentafluoropentane R245 fa-Honeywell genetron [15].  

 

8.1 Working fluid R245 fa 

The 1,1,1,3,3,-Pentafluoropropane (HFC-245fa) is a hydrofluorocarbon produced mainly by Honeywell 

under the name Enovate and Genetron, The HFC-245fa is primarily used as insulation agent in plastic 

foam insulations. It has no ozone depletion potential (ODP) and is toxic only in cases of exposures to 

high levels or repeated exposure. However, HFC-245fa has a high global warming potential (GWP) of 950 

to 1020 and is non-biodegradable. As it has a low boiling point it will mostly migrate to the atmosphere 

where it is expected to have a lifetime of 7,2 years [15]. The fluid has a lower efficiency compared to 
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others like isobutene [16] but is cheap and proven fluid used in many ORC applications.  The properties 

of the used fluid can be seen in the P-h diagram in Figure 8-1 bellow [17]. 

 

Figure 8-1 Pressure-enthalpy diagram for R 245fa 

 

 

8.2 Managing the heat load 

First, matching the variable heat in the flue gas was tried with the adjustment of the mass flow of the 

working fluid. The simulation was done in Excel and showed that the mass flow of the working fluid 

variation would be significant, from 1,17      to 6,78     . Such variation of the working fluid mass 

flow is above the manageable variance of 50% [18] and would cause problems in sizing and operation of 

the heat exchangers as well as in the turbine. Therefore, another approach, which would provide constant 

conditions, was taken.  Using a valve-hatch system at the flue gas stack inlet of the cycle, constant heat 

power of flue gas could be provided to the HE of the ORC system ensuring constant operation 

conditions. The excess heat would go through the bypass directly into the chimney.  The system would 

open and close the valve-hatch to change the mass flow of the flue gas according to the inlet temperature 

of the flue gas.  

 ̇      ̇             [eq 11] 
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With temperature sensors and software the opening and closing of the valve-hatch system would be 

regulated according to variation of     and    providing a constant heat power to the HE of the cycle. 

To choose the suitable heat power a number of factors have to be considered. On the technical side the 

temperature of the stack at cycle outlet to the chimney should not go below 100   C. This limitation was set 

when discussing the application of the Organic Rankine cycle with the furnace supervisors [8] and the 

technical designers of the chimney [19].  On the financial side the mass flow of the cooling water has a 

significant impact on the reference cost of electric energy (RCEE). As the mass flow of the cooling water 

increases with more power provided, an upper limitation of heat power emerged due to the cost of the 

cooling water. This is explained and presented in Economic assessment. 

 

 

 

 

8.3 Basic design 

A basic cycle was first designed. As suggested the cycle was designed with a regenerator for better 

efficiency. The layout of the system is presented in Figure 8-2 bellow. 

 

Figure 8-2 ORC layout with regenerator 
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Components of Figure 8-2 presented in Table 6: 

Table 6 Components of ORC cycle with regeneration 

Number Component 

1 Turbine 

2 Generator 

3 Regenerator 

4 Condenser-cooling down to saturated vapor 

5 Condenser 

6 Pump 

7 Pump motor 

8 Preheater 

9 Evaporator 

10 Superheater 

11 Stack inlet 

12 Stack outlet 

13 Cooling water inlet 

14 Cooling water outlet 

 

The ORC layout was designed so the IPSEpro program could calculate the data. Therefore in the actual 

system the evaporator  and the superheater are combined in one HE as the superheated steam is only a 

few Kelvin above the evaporation temperature. Also the condenser is in one unit in the actual system. 

 

8.4 Optimizing 

 The starting point was the pinch-point temperature, which was set to 10 K [18], the lowest allowed 

temperature of the stack outlet which was 100    C [8] and the temperature of the cooling water available. 

The limitations are presented in the Table 7 below. 
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Table 7 Limitations of the ORC system 

Limitation Value Reference 

Turbine inlet 20 bar, 140   C [14] 

Temperature of flue gas at 

chimney inlet 

100   C [8] [19] 

Temperature of cooling water 25   C [8] 

 

The turbine outlet conditions were based upon the cooling water temperature in the condenser. The 

cooling water has 25   C through the year and the temperature difference of the working fluid and cooling 

water should be 10 K [18]. Therefore a the lowest temperature of the working fluid from the turbine was 

set to 35   C.  From the turbine outlet conditions it was assumed that pressures and temperatures of 

turbine inlet should be as high as possible and were set to the maximum allowed values. 

 The IT100 turbine is designed for maximum of 20 Bar and 140   C input [14]. Because this is a radial 

outflow turbine the input and output temperatures and pressures of the turbine have to be outside of the 

area of wet steam, to prevent the formation of droplets and consequently damage to the turbine. 

Therefore the input conditions of the working fluid were set to 20 Bar 140   C and the output conditions 

were set to 2,2 Bar 35,9   C (isentropic). The isentropic efficiency was set to 66,5 % as can be seen from 

the Figure 12-2 in the  Appendix [12]. Combination of other temperatures and pressures was also run in 

the simulation, but the values above gave best results for the required conditions. The pressure losses on 

the working fluid side were set to 0,1 bar in the preheater, evaporator, superheater, regenerator and 

condenser. This value was assumed on the basis of similar projects [20] and the company manufacturing 

such HE and condensers [21]. The same losses were taken for the flue gas side in the stack as well as for 

the cooling water pressure loss in the condenser. The turbine mechanical efficiency and electrical 

efficiency were set to 94 % and 97 % respectively [11]. The simulation was first ran for four different 

temperatures of the stack inlet 160    C, 180    C, 200    C, and 220    C.  When the temperature of the stack 

was changed, adjustments to the cycle were done to meet the required conditions.  The results of the 

simulations are presented in the bellow figures and tables: 
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Figure 8-3 IPSEpro simulation for 160   C flue gas temperature 

 

 

 

Table 8 Values of ORC cycle at 160   C flue gas temperature 

Parameter Value 

Generator Power 45,98 kW 

Pinch Point 5 K 

Mass flow of working fluid 1,808 kg/s 

Mass flow of cooling water 8,238 kg/s 

Flue gas heat power available 389,5 kW 

Electrical efficiency 11,68 % 
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Figure 8-4  IPSEpro simulation for 180   C flue gas temperature 

 

 

Table 9 Values of ORC cycle at 180   C flue gas temperature 

Generator Power 63,8 kW 

Pinch Point 10 K 

Mass flow of working fluid 2,402 kg/s 

Mass flow of cooling water 10,94 kg/s 

Flue gas heat power available 520,2 kW 

Electrical efficiency 12,14 % 
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Figure 8-5  IPSEpro simulation for 200   C flue gas temperature 

 

 

 

Table 10 Values of ORC cycle at 200   C flue gas temperature 

Generator Power 82,18 kW 

Pinch Point 15 K 

Mass flow of working fluid 2,995 kg/s 

Mass flow of cooling water 13,64 kg/s 

Flue gas heat power available 651,45 kW 

Electrical efficiency 12,49 % 

 

 



-32- 
 

 

Figure 8-6  IPSEpro simulation for 220   C flue gas temperature 

 

 

 

Table 11 Values of ORC cycle at 220   C flue gas temperature 

Generator Power 98,45 kW 

Pinch Point 22 K 

Mass flow of working fluid 3,602 kg/s 

Mass flow of cooling water 16,41 kg/s 

Flue gas heat power available 783,19 kW 

Electrical efficiency 12,44 % 

 

From the results it can be seen that the electric efficiency increases with temperature until 200   C of the 

flue gas stack inlet and decreases when the temperature of the flue gas stack inlet is 220   C. This is 

presented in the Figure 8-7 below: 
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Figure 8-7 Electric efficiency as a function of flue gas stack inlet temperature 

Considering the electricity efficiency at different flue gas temperatures and deducting from Figure 8-7 

another simulation was done at 210   C. 

 

 

Figure 8-8  IPSEpro simulation for 210   C flue gas temperature 
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Table 12 Values of ORC cycle at 210   C flue gas temperature 

Generator Power 90,29 kW 

Pinch Point 18 K 

Mass flow of working fluid 3,298 kg/s 

Mass flow of cooling water 15,03 kg/s 

Flue gas heat power available 717,256 kW 

Electrical efficiency 12,46 % 

 

From the results it can observed that electric efficiency is the highest at 200   C flue gas stack inlet 

temperature, 12.49 %. One reason for the efficiency curve is the saturation curve of the working fluid,  

and the other is the increasing pump power which is proportional to the increase of the working fluid 

mass flow. 

The change in pinch point temperature, mass flow of the working fluid and mass flow of cooling water as 

a function of stack inlet temperature can be seen in Figure 8-9 below. 

 

Figure 8-9 Mass flows and pinch-point as a function of stack inlet temperature 

 

The mass flow of the working fluid increases linearly with increasing the inlet stack temperature and the 

same applies to the mass flow of the cooling water in the condenser. The pinch point temperature line 

steepens as the temperature of the flue gas stack inlet goes above 200   C.  
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Technically the most optimum conditions are clear from the simulations. However to satisfy the 

sustainability concept, the ORC application must also satisfy the economical requirements of the investor. 

The economic calculations are explained in Economic assessment. 

 

9 Economic assessment 

Organic Rankine cycles are known for their high sensibility for economic viability. For such applications 

to be viable one of the necessary factors is the heat source to be free of charge. Even then, in countries 

with low electricity prices, the economic viability is not ensured. Therefore support schemes are the largest 

contributing factor towards economic assessment for ORC applications. 

 ORC application economic viability is strongly connected with the support scheme for such applications. 

[18]. The support schemes vary from country to country in terms of amount, duration, applying procedure 

and requirements.  

In this thesis the ORC application proposed is done in the country of Slovenia. As Slovenia is an EU 

member since 2004, the supports schemes are based on EU directives:  

  2004/8/EC of the European Parliament and of the Council of 11 February 2004 on the 

promotion of cogeneration based on a useful heat demand in the internal energy market and 

amending Directive 92/42/EEC [22, 23]. 

 Directive 2005/89/EC of the European Parliament and of the Council of 18 January 2006 

concerning measures to safeguard security of electricity supply and infrastructure investment [22, 

24] 

 Community guidelines on state aid for environmental protection 2008/C 82/01 [22, 25] 

 Guidelines in national regional aid for 2007-2013   2006/C 54/8 [22, 26] 

 

The ORC cycle belongs to combined heat and power with high efficiencies (CHP) type of power plants in 

Slovenia as it is stated in the Methodology for determination of the reference cost of electric energy 

(RCEE) [22]. The above methodology expired on the 31.12.2013, but as the new methodology based on 

the new EU directives will be published in the fall of 2014, the expired methodology is still in use [27]. 

However, the new methodology will still have the determination of the RCEE. 

The Methodology for determination of RCEE [22] is the basis for determining the amount of needed 

support and is therefore the first step to do in the economic viability analysis in Slovenia.  

The ORC technology requires individual treatment by the State agency for energetics [22] but still fall 

under the RCEE methodology as the basis. In this thesis the above Methodology for determination of 

RCEE was used [22]. 

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32004L0008:EN:NOT
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The RCEE is basically the cost of producing electric energy per year including the annuity for the return 

of investment (ROI), operation and maintenance cost (O&M) and fuel costs. From the total costs per year 

the income of selling heat or other incomes have to be deducted. This is further explained in equation 12. 

 

     
            

               
     [eq 12] 

Where: 

RCEE is the reference cost of electric energy (EUR/MWh) 

COSTS are the annuity for ROI (EUR) + O&M (EUR) +fuel costs (EUR) 

INCOME is the income from selling the heat in the CHP (EUR) and other incomes (EUR) 

ELECTRIC ENERGY is the produced electric energy per year (MWh) which is equal to the installed 

electric power (MWel) * operating hours per year (h) 

The RCEE is further divided to the fixed part of RCEE or FPRC and to the variable part of RCEE or 

VPRC. 

The FPRS (EUR/MWhel) are the annuity cost for ROI and the O&M cost (fuel excluded) 

The VPRS((EUR/MWhel are the fuel costs minus the income from selling the heat or other incomes 

 

The Methodology for RCEE [22]also labels the technology used. This labelling is divided into type of fuel 

used, size, and hours of operation per year. This labeling is then used for determining the support. Since in 

this thesis the technology used falls under individual treatment, the Methodology for RCEE [22] is only 

going to be used for the reference cost part. 

 

For the reference cost the FPRS and VPRS must be calculated. As there are no fuel costs and no incomes 

the VPRS is zero. Some may argue that the fuel cost exist due to the fact that the furnace is gas fired and 

that there is income due to the fact that the steel is sold. But the calculation of the income for the furnace 

is complicated since the furnace is a part of a larger process and heated steel billets coming out of the 

furnace have no value if they are not processed until the end product. Therefore for the sake of simplicity 

it was assumed that the income and fuel cost cancel out and the VPRS equals to zero. 

The FPRS is calculated with: 

     
               

               
      [eq 13] 
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To calculate FPRS with equation 13 we have to know the Annuity ROI, the O&M costs and the electric 

energy produced. 

 

The Annuity ROI is calculated with: 

             [eq 14] 

Where: 

   is the Annuity (EUR) 

   is the capital cost (EUR 

     is the annuity factor 

 

The capital cost (    are the combined costs of all of the investment.  

The capital cost includes: 

1. Purchase or rental of the land 

2. Purchase of mechanical and electric equipment 

3. Building costs 

4. Installation, start and test costs 

5. Grid connection costs 

6. Design and permission costs 

 

 

 

 

1. The installation of the ORC on the furnace is done in the company itself and therefore there are 

no purchases or rental agreements needed.  

2. The generator size needed goes from 45 up to 100 kWe. The turbine chosen (Infinity IT-100) can 

be coupled with 50 kWe generator as well as 100 kWe generator. The price of the generators does 

not vary significantly and therefore the highest price will be taken for the calculation. The price 

for the heat exchangers and the condenser was assumed from similar projects [20] and from the 

design companies which have already done such projects [21].  

All costs and references were assumed to be equal for all the sizes of installation and are included 

in the Table 13 below: 

 



-38- 
 

Table 13 Investment costs and references 

Part Cost (EUR) Reference 

Piping 20.000 [28, 8] 

Electric cabel 5000 [29] 

Electric components (fuses, 

counters, frequency 

regulators…) 

5000  [29] 

Turbine assembly with 

generator, regenerator and 

pump 

120.000 [14] 

Total 150.000  

 

3. The building costs were assumed from other projects [20, 30] and assumed from self- experience 

of the company [28]. The total building cost were 20.000 EUR 

4. The installation, start and test costs were assumed to be 30.000 EUR. One part of it is the electric 

installation [31] and the remaining part was assumed from similar projects. 

5. The grid connection cost is very dependent on the electric grid on the site [32]. Since the grid on 

the site is already built for such powers all the cost were already covered in the electricity 

equipment and installation costs. 

6. Design and permission costs were assumed 30. 000 EUR for the design part [14] and 10.000 for 

the permission part. 

 

The total capital cost is 240.000 EUR. All the assumptions done were conservative ensuring enough 

reserve if needed. 

The    then yields to 240.000 EUR. 

     ,the annuity factor is calculated: 

 

      
 

  
 

 
   

 

      
 
      [eq 15] 

Where: 

  is the discount rate in fractions 

  is the economic lifetime of the project in years 
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The discount rate ( ) is taken from the Methodology for determining RCEE [22] and is 12% 

The economic lifetime of the project ( ) is the time in years in which ROI is wanted. The companies 

policy is the ROI for such projects to be 5 years [28] 

 

The equation 15 then gives the annuity factor to be 0,27741. 

Combining the annuity factor (    ) and the capital cost (  ) with equation 14 gives the Annuity ROI (  ) 

in the amount of 66.579 EUR/year. 

 

Calculation of O&M costs 

The O&M costs are usually calculated using an estimation of cost per kWh produced. In this thesis there 

is also the cost of cooling water (CCW) for the condenser.  

                                                [eq 16] 

 

The estimation for O&M  cost were 0,00367 to 0,0147 EUR/kWh in 2012 [33]. In this thesis a 

conservative value of 0,0143 EUR/kWh was used. 

The CCW is dependent on the amount of cooling water used per year. The price is 70 EUR/1000    [3]. 

Each of the proposed temperature at stack inlet conditions for the ORC in this thesis has a different cost 

for the O&M as they have different amounts of electricity produced and different CCW as they have 

different mass flows of cooling water required and various operating hours. 

 

    
   

   
                                [eq 17] 

 

                            ̇                     [eq 18] 
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The results for each condition per year are presented in the Table 14 below: 

Table 14 Costs 

Temperature 

of flue gas at 

stack inlet 

[   C]  

Generator 

Power 

[kW] 

Operating 

hours [h] 

Electric 

energy 

produced 

[kWh] 

Mass 

flow of 

cooling 

water 

[kg/s] 

O&M 

cost 

[EUR] 

CCW 

cost 

[EUR 

O&M 

total 

cost 

[EUR] 

160 45,98 6408,4 294645,4 8,238 4213 13567 17780 

180 63,8 5888,833 375689,3 10,94 5372 1655 21929 

200 82,18 5260,767 432321,4 13,64 6182 18441 24623 

210 90,29 4827,267 435889,1 15,03 6233 18646 24879 

220 98,45 4269,5 420353,6 16,41 6011 18005 24016 

 

 

 

From equation 13 and equation 16 the RCEE can be calculated for all temperatures of the flue gas stack 

inlet. The results are presented in the Table 15 below and visualized in Figure 9-1: 

 

 

Table 15 RCEE for different temperatures of flue gas stack inlet 

Temperature of flue gas at stack inlet [   C] RCEE [EUR/MWh] 

160 286,3 

180 235,5 

200 210,9 

210 209,8 

220 215,5 
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Figure 9-1 RCEE as a function of flue gas stack inlet temperature 

 

 

 As can be seen in Table 15 and Figure 9-1 the lowest RCEE is at stack inlet temperature of 210   C. The 

curve shape can be explained with the relationship of costs with operating hours as well as the mass flow 

of the cooling water at different conditions. 

The calculation of RCEE gives the information of what is the lowest support per KWh for each 

temperature for the project to still be profitable for the given conditions. As there is individual treatment, 

the calculations and assumptions can be used in the process of acquiring the support scheme. 

The support schemes duration is 10 years [34] and since the payback time is required to be 5 years, the last 

5 years of the support scheme are pure profit deducting the O&M cost. This statement may change as 

there is a new methodology being prepared and the requirements for acquiring the support will be stricter 

and the support itself will be lower [27]. 
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10  Conclusions 

 

In this thesis the implementation of an ORC on a stepping furnace has been done. The results showed 

under which conditions the ORC is technically possible as well as economically viable. However the 

assumptions made in this thesis provide only the proof that further measurements and calculation with the 

goal of implementing the ORC on the stepping furnace are justified. 

When designing the application, lack of accurate data was a problem. 

First, the problem of missing data was encountered when calculating the mass flow of the flue gasses and 

the calculation of   .  Further measurements of chemical compounds of the flue gas are necessary. They 

must be measured for a longer period of time, not only once in three years. This will ensure the calculation 

of true mass flow as well as the true   . As there a monitoring solution already exists for other 

parameters, an upgrade for chemical compound monitoring is possible. This will also help to regulate the 

combustion in the furnace and result in an optimal operation for the purpose of reheating the steel billets. 

The flue gas chimney draft was assumed to be ensured, as the fan that is pushing the air through the 

furnace is currently working at 75 % of power. However this was only an assumption and a detailed 

calculation is needed to prevent any natural gas containment in the furnace and possible explosions. A 

numerical simulation must be carried out. 

The heat exchangers must also be calculated using numerical modelling, as there is mass flow changing on 

the flue gas side. The design of the valve-hatch system to regulate the heat load of the flue gas must also 

be a part of a more detailed calculation. 

The Organic Rankine cycle itself must be recalculated using exact data from the manufacturer Infinity. As 

this data is only available if paid for, in this thesis the data available for free and from other projects were 

taken. However, when acquiring the exact data, a recalculation must be done. Electric efficiency in this 

thesis was calculated to be 12,46 %. However as the interest of the company is economical, reference cost 

of electric energy was calculated for each of the proposed flue gas stack temperature. As the cooling water 

has to be paid for, the calculation showed that the least cost of electric energy occurs when the flue gas 

stack inlet is at 210   C. 

The cooling system in the proposed application is a part of a larger cooling application. As currently there 

are some projects aimed at minimizing cost of cooling in the company, an expectation of a lower price for 

cooling water is plausible. 

Despite the design and free heat the ORC application is not viable if not supported by a government 

scheme. The current market price of electricity in Slovenia is too low for ORCs to be competitive without 

support. But as the law recently changed, the new methodology for the support scheme is not yet 

published and there are upcoming elections in Slovenia, relying on the current support scheme may not 



-43- 
 

give lasting results. It is proposed that until the methodology is published, the time is used for detailed 

measurement and calculation of the previously missing data. 

The thesis proved that an implementation of an Organic Rankine cycle on a stepping furnace in the 

company Štore&STEEL d.oo. is viable, but is very sensitive to the support scheme acquired. 
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12  Appendix 

 

 

Figure 12-1 Flue gas channel and chimney data 
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Figure 12-2 IT100 system curve 

 


