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Abstract 

This paper is a product of the master thesis "Development and use of power plant model for 

SSAB EMEA Oxelösund” which was conducted in the spring of 2014 at Swerea MEFOS. 

This study use process integration in development of a system model for a power plant. 

The power plant at SSAB EMEA Oxelösund does not have any guidelines how operation at 

the plant is carried out. Due to separate steam networks, steam turbine and several boilers, a 

large numbers of options regarding operation are available. 

The work has resulted in a power plant model which can be used as a planning tool for future 

operation or momentary operational support. Operations presented by the system model are to 

maximize revenue for the power plant.  

The system model is a manual model which demands operators at power plant to insert certain 

prerequisites in order to receive optimal operation for those conditions. These conditions are 

fuel availability, district heat and process steam demand together with prioritizing and usage 

of boilers.   

Guidelines for district heat production and turbine usage has been developed from the system 

model. Usage of the model will provide experience how production should be carried out for 

different conditions. 

Operational suggestions from the model imply that, compared to operational data, great 

profits can be gained by operating the plant optimally. This is achieved mainly by reduce 

usage of oil and secondly by better use of produced steam within the power plant. 

 

Keywords: Integrated heat and power plant, multi fuel boilers, steam turbine, process 

integration, BFG, COG, process steam, district heat, steel industry and cost-effective-

production. 

  



 

 

 

Nomenclature 

Sets Description Unit 

Ė Electricity power W 

Ċ Cost  SEK/MWh 

V̇ Volume flow Nm3/s 

�̇� Heat flow W 

�̇� Mass flow kg/s 

Y Boiler status - 

H Enthalpy kJ/kg 

𝜂 Efficiency - 

T Temperature °C 

𝛾 Empirical factor - 

Subscript   

P Boilers  

k Fuels  

h Steam network  

TOT Total  

i Isentropic  

m Mechanical  

t Steam turbine  

HT High pressure steam turbine  

LT Low pressure steam turbine  

E Extraction from steam turbine  

dea Deaerator  

supply District heat supply  

return District heat return  



 

 

 

Ambient Ambient   

DH District heating  

Vvx District heat condenser  

sat Saturated  

in inlet  

out outlet  

feed Feed water  

CC Cold condenser  

make up Make up water  

R Let down valve  

DH,supply District heat supply  

DH,return District heat return  

outdoor Ambient condition  

Superscript   

exp Exported (sold)  

el Electricity  

f Fuel  

OK Steam network  

w Water  

s Steam  

feed Feed water  

min Minimum  

Abbreviations   

COG Coke oven gas  

BFG Blast furnace gas  

BOFG LD-gas  
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1 Introduction 

1.1 Background 

Iron- and steel-industry is an energy intensive industry, which in Sweden accounts for around 

19 percent of all industries total energy use (SCB, 2011). Most of this energy is from fossil 

fuel in the form of coal, with oil and natural gas as auxiliary fuel. Coal is together with iron 

ore is fed continuously into the blast furnace to produce hot metal. The hot metal is treated to 

remove sulfur in the desulfurization station and in the oxygen steelmaking processes to 

remove dissolved carbon. Finally the steel is fine-tuned by adding alloying elements in the 

secondary steelmaking process. The molten steel from the steel works is solidified into slabs 

in the continuous casting machine. Steel slabs are cooled before introduced to the re-heating 

furnace, where it is heated to a temperature needed for rolling. Hot slabs are then rolled to 

required dimension by a number of stands in the rolling mill (Westerlund, 2012). A layout of 

a typical steel plant can be seen in Figure 1.  

 

 

Figure 1: Schematics of a typical integrated steel plant 

A typical steel plant, described above, produces large volumes of energy rich gases from the 

coke oven plant, blast furnace and LD-converter. BFG (blast furnace gas) is produced in the 

blast furnace and is of low energy intensity (~2.8 MJ/Nm3) but has high flow rates, while 

COG (coke oven gas) is of high energy intensity (~18 MJ/Nm3) and has low flow rates. 

BOFG (gas from LD-converter) is in between COG and BFG in energy intensity (~8.5 

MJ/Nm3) but its flow rate is in contrast to COG and BFG periodically. The gases are the main 

energy carriers in the steel plant and are used as fuel in a number of processes; hot stoves, 

coke oven plant, re-heating furnaces, steam power plant etc.  

The industry integrated power plants main task is to produce steam, which is required at 

various processes for heating and other purposes. Required steam properties may differ 

between these processes. The steam can be produced at high pressure condition and then 

reduced to required levels or be produced separately in separate boilers at different conditions 

(Khoshgoftar, et al., 2013). 

Coke oven plant 

Blast furnace 
Steel works 

Continous casting 

Re-heating furnace 

Rolling mill 
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These steel industry integrated steam power plants has more available energy, in the process 

gases, than necessary to produce required process steam. This excess of energy can be used to 

produce electricity, with a steam turbine, and district heating when such demand exists.  

District heating is the most common form of heat supply to buildings in Sweden. Around half 

of all houses and locals use district heating as heat supply. The deployment of district heating 

in Sweden started to improve the air in cities by centralizing combustion to one site outside 

the urban areas. Results of the widely expanded district heating networks in Sweden have 

shown of not only air quality improvements, but also in energy efficiency and pollutant 

emissions. (Sjöström, u.d.) 

 

1.1.1 SSAB EMEA Oxelösund 

SSAB EMEA Oxelösund is a fully integrated steel plant with coke plant, two blast furnaces, 

steel works and rolling mill with related facilities like oxygen plant, lime plant and a power 

plant. Energy-rich process gas (blast furnace gas (BFG) and coke oven gas (COG)) are 

produced, during steel production, in the blast furnace and coke oven, which are used as fuel 

in the re-heating furnace, hot stoves and power plant. See Figure 2 for energy flows within the 

steel plant (Westerlund, 2012) (Lundqvist, et al., 2013). 

COG and BFG differs in energy intensity and flow rate and are therefore used at different 

sites around the steel plant. BFG is, due to high flow rates, the main energy carrier amongst 

fuel, despite its low energy intensity. BFG cannot be combusted alone at conditions for the 

power plant, due to its low heating value, but need heat to be increased. Support fuel, COG or 

fuel oil, is used for this purpose at SSAB EMEA Oxelösund. BFG is used in the hot stoves 

and at the power plant. COG is used in the re-heating furnace, where high flame temperature 

is needed, as substitute for oil. COG is also used in the hot stoves and power plant as support 

or lace fuel. A large gasholder is connected to the each gas pipe system which main task is to 

keep pressure in the gas systems and secondly to act as a gas supply. The BOFG is not 

recovered at SSAB EMEA Oxelösund, and is instead flared  (Westerlund, 2012) (Gustafsson, 

et al., 2014). 

The power plant at SSAB EMEA Oxelösund produces district heat and process steam to the 

steel plant, district heat to Oxelösund municipality and electricity. Since availability of 

process gas, which is the primary fuel at SSAB EMEA, depends on rate of production at the 

steel plant, fuel oil is used as support/lace fuel when district heating and process steam 

demand cannot be met from combustion of process gases (Gustafsson, et al., 2014). 
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Figure 2: Simplified schematics over production and energy flows for SSAB EMEA Oxelösund. (BF = blast furnace, 

HM = hot metal, LS = liquid steel, RM = rolling mill, CHP = combined heat and power plant) (Lundqvist, et al., 2013) 

 

1.2 Process integration 

Process integration is a method in chemical engineering which initially was used at oil 

refineries. Process integration can be used to design a new plant or to improve usage within 

the plant. The system can be large, a whole steel plant, or small, a sub-process, depending on 

boundaries set. Two approaches, pinch analysis and process synthesis, are usually discussed 

when process integration is mentioned. 

Pinch analysis is a technique for designing a process to minimize energy consumption and 

maximize heat recovery. This is carried out by mapping all heat and/or energy flows within 

the system to find minimum external heating and cooling requirement based on temperatures 

levels of mapped flows. Pinch analysis is usually used for designing processes rather than 

optimize existing. Grand composite curve (GCC) is a typical way of presentation a pinch 

analysis of a system. 
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Process synthesis, which is based on mathematical modelling, is a holistic approach to 

optimize interactions between different unit operations rather than optimizing them 

separately. It is carried out by modelling the studied system mathematically. Alterable 

operation is treated as variables and limitations in the systems as constraints. Optimization of 

a system can be considering energy, economy, environment or other depending on what’s 

included in the objective function, see e.g. (Mahmoud & Vasilios, 1989) (Smith, 2005) 

(Hallale, et al., 2002). 

 

1.2.1 Model formulation 

When optimizing a mathematical model there are two types of solutions that may be found, 

local and global optima. The global optima is represented by the best solution possible of the 

given model, while a local optima may be one of many solution where no better feasible 

solutions can be found nearby. Finding the global optima is important when using process 

integration, since the difference between local and global optima may be significant 

considering objective function and operation. If the model is linear, no local optima exists, 

which means that the solution will always be a global optima. In a nonlinear model, finding 

the global optima can be challenging. (Nocedal & Wright, 1999) 

Nonlinear, non-convex and non-smooth expression is due to its complexity not preferred in a 

optimization model. Conventional nonlinear solvers are only able to identify local optima. 

Some more advanced nonlinear solvers usually use different methods which simplifies 

expressions in order to find the global optima to a greater extent. (Nocedal & Wright, 1999) 
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1.3 Objective 

The objective of this master thesis project is to develop a system model which can generate 

operational support to the operators of the power plant at SSAB EMEA Oxelösund, and 

through this contribute to the generation of consistent guidelines in order to achieve cost 

effective production at the plant. 

Mathematical modelling approach, based on MINLP (mixed integer nonlinear programming), 

will be used to achieve the objective. 

The model will be developed in Microsoft Excel. It will be a manual model where current 

conditions need to be inserted by the operators of the power plant. The workflow for this is 

illustrated in Figure 3. 

 

 

Figure 3: Workflow for operational support response 

1.4 Goal 

The aim of this study is to deliver the system model together with overall guidelines how to 

operate the power plant at certain scenarios to SSAB EMEA Oxelösund. 

The resulted model should be able to give operational support how to operate the plant 

optimally regarding cost effective production, by presenting equipment statuses, fuel usage, 

steam usage and district heat production. Varying conditions concerning electricity price, oil 

price, gas availability, district heat and process steam demand will be used by the model when 

developing these operational suggestions. Revenues for the power plant, regarding current 

optimal operation, will be presented together with the suggested operation. 

The overall guidelines, which will be extracted from the system model, will describe what 

operators at the plant should bear in mind while operating the power plant under different 

conditions, in a less detailed way than presented by the system model.  

 

  

System model Operational support 

Cost effective production 

Inputs 
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1.5 Organization 

This study will be conducted at Swerea MEFOS for SSAB EMEA Oxelösund. Supervisors at 

Swerea MEFOS will be David Bellqvist and Mikael Larsson while the examiner at Luleå 

University of Technology will be Andrea Toffolo. 

A steering group including staff from concerned companies (SSAB EMEA Oxelösund and 

Swerea Mefos) will be assembled. The steering group will consist of Per-Åke Gustafsson, 

Mikael Hyvönnen and Kari Jauhiainen from SSAB together with David Bellqvist from 

Swerea MEFOS.  

Three site visits to the power plant is planned to be conducted throughout the project; 

introduction, interim and presentation. The steering group will discuss assumptions, 

simplifications, limitations and other information of interest, regarding building of the power 

plant system model. Operational and manufacturer data will be acquired by staff at the power 

plant at SSAB EMEA Oxelösund. 

 

1.6 Previous work 

No previous work regarding optimization of operation at SSAB EMEA Oxelösunds power 

plant has been performed. Project using process synthesis regarding multiple interconnected 

power plants considering environmental costs, (Xianglong, et al., 2011), has been performed 

using linear programming. In (Bracco, et al., 2013), a linear optimization model regarding 

design and operation of a combined heat and power distributed generation system in an urban 

area, is produced. 

An exergoenvironmental and exergoeconomical evaluation of the coupling of a steam power 

plant and total site utility system is carried out in (Khoshgoftar, et al., 2013). It was carried 

out by using pinch analysis approach to find the economic and environmental optimal 

integration of a steam power plant.  

Mathematical modelling is used in (Tzolakis, et al., 2012) to optimize operation, in sense of 

thermal efficiency, at a coal fired power plant containing a HT and LT turbine. 
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2 Process description 

The power plant at SSAB EMEA Oxelösund comprises boilers, heat exchangers, turbine, 

deaerators and letdown valves. The boilers differ in fuel type, capacity and efficiency. Steam 

is transported through inter-plant connected steam network. A simplified schematic of the 

plant is shown in Figure 4.  

The plant consists of two separate steam networks, OK2 and OK3, in which different type of 

feed water is used. This is mainly due to the turbine needs completely desalted water not to 

corrode. Softened water, which is cheaper to produce, is used in OK2 due to lower quality 

requirement in absence of steam turbine. It is possible to extract steam between the two steam 

networks, but with respect to wear on the turbine, extraction from OK2 to OK3 is avoided as 

far as possible.  

Process gas availability and process steam demand are in correlation with certain production 

process activities within the steel plant. Process steam demand together with district heat 

demand determines the total steam demand for the power plant. District heat production is 

carried out by Vvx OK2, Vvx OK3 and boiler P5. The heat exchanger Vvx LD uses waste 

heat from processes at the LD converter in the steel plant, to increase district heating hot 

water return temperature.  

 

 

Figure 4: Simplified process diagram of power plant at SSAB EMEA Oxelösund 

 

2.1 Fuels 

Three different fuels are available at the power plant; BFG, COG and fuel oil. The BFG is 

normally of high volume flows and is considered as the power plants main fuel, despite its 

low energy intensity.  
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COG is a gas of higher energy intensity compared to BFG and may be used as support fuel for 

combustion of BFG. COG is mixed with the BFG, to raise the heating value of BFG, at 

mixing station BS1 and BS2 (Figure 4). Two torches, in connection to the gas holders, flares 

gas when the level in the gas holder is above allowed limit. The gas holders are too small for 

storage of the gas over time, which means that the gas produced in the coke oven plant and 

blast furnaces has to be used, within the steel plant, at the same time as it is produced. 

Fuel oil is used within the power plant as support fuel for combustion of BFG or as top fuel 

when steam demands cannot be reached by combustion of process gas, or other circumstances 

motivates its use. Approximate lower heating values and available flows for the different fuels 

are shown in Table 1. 

 

Table 1: Lower heating values for fuels used at the power plant 

Fuel Lower heating 

value  

Available fuel 

flows (Nm3/h) 

BFG ~ 2.8 MJ/Nm3 0 – 190 000 

COG ~ 18.0 MJ/Nm3 0 – 7 000 

Fuel oil 40.9 MJ/m3 - 

 

2.2 Multi fuel boilers 

There are 5 boilers at SSAB EMEA Oxelösund. The boilers, P1 – P5, positioning in the steam 

network are shown in Figure 4. 

P1 and P2 are identical boilers which produces steam at 37 bar and a temperature of 450 °C. 

They are equipped with four multi fuel burners each, which are able to burn fuel oil, COG and 

BFG.  

Boiler P3 produces saturated steam at 37 bar and is equipped with two multi fuel burners, 

which can burn fuel oil, COG and BFG. This boiler is not in use today and there are no plans 

of starting boiler P3 in the near future.  

P4 is the largest boiler on the site and produces steam at a pressure of 105 Bar with a 

temperature of 525 °C which is used in the steam turbine. It is fitted with four multi fuel 

burners which may combust fuel oil, COG and BFG and two extra high load fuel oil burners.  

P5 is located on the district heating network and combusts fuel oil to raise the supply 

temperature of the district heating hot water.  

Data for the boilers are presented in Table 2.  
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Table 2: Data for boilers at SSAB EMEA Oxelösund. (B = blast furnace gas, C = coke oven gas, O = fuel oil) *load oil 

burners (for high loads). 

Boiler P1, P2 P3 P4 P5 

Steam     

Temperature (°C) 450 246 (Saturated 

steam) 

525 - 

Pressure (Bar) 37 37 105 - 

Number of burners 

(quantity (fuels)) 

4 (B, C, O) 2 (B, C, O) 4 (B, C, O)  

2 (O) 

1 (O) 

Fuel limitations     

Coke oven gas 

(Nm3/h)/burner 

250 - 800 75 - 300 150 - 300 - 

Blast furnace gas 

(Nm3/h)/burner 

3 000 – 8 

000 

2 500 – 8 000 10 000 – 35 000 - 

Fuel oil (l/h)/burner 150 - 800 150 - 800 40 – 500 (500 – 

3500)* 

170 – 1 

500 

Production ranges     

Fuel input (MW) 5 - 24 4 - 18 7 - 215 2 – 18 

 

2.3 Steam turbine 

The steam turbine uses high pressure superheated steam, 105 Bar and 525 °C, from boiler P4 

to produce electricity. It has several extractions; deaerator, preheaters, district heating and 

cold condenser and consist of two stages, high pressure (HT) and low pressure (LT), see 

Figure 5. Both turbine stage, HT and LT, drive the same shaft which is connected to a 

generator. Operators may control the steam flow to district heat network and inlet flow to LT 

while steam flow to deaerator and preheaters is automatically regulated. The mass flow rates 

to the district heat network is in correlation with the district heating demand, district heat 

production in OK2 and boiler P5. Mass flow rates to steam preheaters and deaerator depends 

on boiler P4s feed water flow and steam usage within the plant. Steam turbine capacity is 

shown in Table 3. 

 

  



 

10 

 

 

Table 3: Steam turbine capacity 

 Steam turbine 

 Power  8 – 60 MW 

Fresh steam feed  45 – 250 ton/h  

 

 

Figure 5: Steam turbine flow scheme 

 

2.4 Deaerator 

There are two deaerators within the plant at SSAB EMEA Oxelösund, one in each steam 

network (OK2 and OK3, see Figure 4). The deaerators heats incoming water from cold 

condenser, district heating condenser and make up water to saturated water for deaerator 

pressure by extracting steam from the steam turbine or the steam networks. Saturated water 

from the deaerators is used as feed water in the boilers and for cooling of steam at letdown 

valves R1 – R5 and steam cooling station O1, see Figure 4. The two deaerators differs in its 

pressure. The pressure in the deaerator located in OK2 is constant, while that in OK3 varies in 

pressure dependent on fresh steam feed into the steam turbine.  

 

2.5 Letdown valves 

There are several letdown valves within the power plant, which reduces pressure of incoming 

steam. These letdown valves are shown in Figure 4 as R1 – R5, while their pressure and 

temperature ratios are shown in Table 4. Some of the letdown valves are many valves 

combined, for the same pressure and temperature ratios, which is to simplify schematics and 

calculations for the model.  Injection of feed water occurs at each letdown valve for cooling of 

the steam to the prevailing temperature of the lower pressure steam network.  
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Table 4: Data of letdown valves 

 Input 

pressure/temperature 

(Bar/°C) 

Output 

pressure/temperature 

(Bar/°C) 

Maximum input 

steam flow (ton/h) 

R1 105/525 37/450 55.0 

R2 37/450 6/160 65.0 

R3 37/450 6/240 57.0 

R4 37/450 21/300 35.5 

R5 221/300 6/240 10.0 

 

2.6 District heating network 

The power plant at SSAB EMEA Oxelösund delivers district heat to Oxelösund municipality 

and SSAB. Heating of water is carried out by eight condensing heat exchangers and one 

boiler at SSAB together with two additional boilers located in Oxelösund municipality. Six of 

these heat exchangers are located in OK2 (calculated as one, Vvx OK2) which condense and 

sub-cools superheated steam from 6 bars and 240 °C. At OK3 there is one heat exchanger, 

Vvx OK3, which condenses steam from the turbine to heat incoming district heat hot water 

from Vvx OK2. Incoming steam temperature and pressure depends on turbine load while 

outgoing condensate is saturated water. The capacity for Vvx OK3 is 60 MW and for Vvx 

OK2 42 MW. Supply temperature of district heating network depends on outside 

temperatures, while return temperature depends on district heat usage.  

Boiler P5 is installed after Vvx OK3, see Figure 4, to further increase supply temperature of 

district heat hot water, if needed. One additional heat exchanger is located at the LD 

converter, which heat district heat hot water return flow from Oxelösund municipality by 

waste heat from its process. District heating scheme is illustrated in Figure 4.  

In addition to these, there are two boilers at Oxelösund municipality which uses light fuel oil 

to produce district heat at when the demand cannot be met by production at the power plant. 

These two boilers have been excluded in this work.  
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3 Methodology 

3.1 System model 

The developed system model is based on mass and energy balances (steam network, fuel 

inputs and district heat network) together with calculated correlations based on empirical data 

(steam turbine, boilers and district heat condensers).  

X-Steam add on, for Microsoft Excel, was used in the model for water and steam properties. 

Another Microsoft Excel add on, Whats Best!, was used for optimization of the system model.  

 

3.1.1 Objective function 

The objective of the optimization model is to maximize revenue (REV) of the steam power 

plant. The revenue is calculated according to equation (1): 

max REV = Ėexp,el ∙ Cexp,el + Q̇𝐷𝐻 ∙ 𝐶𝐷𝐻 − ∑ ∑ V̇b,k
𝑓

k ∙ Ck
f

b − ∑ �̇�𝑏𝑏 ∗ 𝐶𝑏𝑜𝑖𝑙𝑒𝑟 −

∑ �̇�ℎ
𝑊

ℎ ∙ (𝐶𝑂𝐾3 − 𝐶𝑂𝐾2), 

(1) 

The objective function consists of five parts. The first part, electricity power exported 

(Ėexp,el) and price of this (Cexp,el), is the profit of exported electricity. Imported electricity or 

usage by pumps, fans etc are not included in this model. Profits by delivered district heat, 

consisting of its price (𝐶𝐷𝐻) and exported heat (Q̇𝐷𝐻), is the second part.  Third part is the 

costs of fuels, which is composed of the fuel consumption in boiler (V̇b,k
𝑓

) and the price of 

these (Ck
f ). The fuel is either purchased from the market (fuel oil) or produced in processes 

(COG and BFG) within the steel plant. Fourth part is a cost for usage of non-prioritized 

boilers in OK2, it consists of fuel input (�̇�𝑏) and cost (𝐶𝑏𝑜𝑖𝑙𝑒𝑟). The last part is cost of water 

extracted from OK3 to OK2 which is explain by mass flow of extracted water (�̇�ℎ
𝑊) and the 

price difference of these waters(𝐶𝑂𝐾3 − 𝐶𝑂𝐾2). 

 

3.1.2 Multi fuel boilers 

There are four different types of boilers at the power plant, see Figure 4, with varying 

efficiencies. Operational data and steam production as function of fuel input is shown in 

Figure 6 and Figure 7 where fuel input is calculated as equation (2): 

�̇�𝑏 = ∑ V̇b,k
𝑓

∙ 𝐻𝑘k ∙ 𝑌𝑏. 
(2) 

Heating value for each fuel (𝐻𝑘) and volume flow rate of these (�̇�𝑏,𝑘
𝑓

) varies depending on 

operation at the steel plant. Fuel volume flow rate and heating value for fuels will be treated 

as variables and inputs respectively. Yb is a binary value for each boiler, which determines 

boiler status; on or off. 
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Figure 6: Steam mass flow as function of combusted fuel for boilers P1 and P2 

 

 

Figure 7: Steam mass flow as function of combusted fuel for boiler P4 

For the reason of safe operation, lower and upper bound of combusted fuel has been set. 

Bounds together with the relation between combusted fuel and steam mass flow, for boiler P1, 

P2 and P4 is described by equation (3) and (4): 

{
�̇�𝑃4

𝑠 = �̇�𝑃4 ∙ 0.3232 − 1.9927

7 ≤ �̇�𝑃4 ≤ 30 ∙ 𝑋𝑃4 + 95
, 

(3) 
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{
�̇�𝑃1,𝑃2

𝑠 = �̇�𝑃1,𝑃2 ∙ 0.3224 − 0.2122

5 ≤ �̇�𝑃1,𝑃2 ≤ 6 ∙ 𝑋𝑃1,𝑃2

. 
(4) 

Amount of burners used (𝑋𝑃1,𝑃2,𝑃4) in each boiler limits its maximum fuel input. Operational 

data regarding boiler P3 was insufficient for calculation of steam production. After discussion 

with the steering group, bounds and relation between steam production and combusted fuel 

has been estimated to be equal as for boiler P1 and P2, see equation (5): 

{
�̇�𝑃3

𝑠 = �̇�𝑃3 ∙ 0.3224 − 0.2122

5 ≤ �̇�𝑃3 ≤ 8,5 ∙ 𝑋𝑃3

. 
(5) 

Boiler P5 has no logging system for operational data installed. Estimation of efficiency has 

been carried out in collaboration with the steering group, see equation (6): 

{
𝐻𝑤,𝑜𝑢𝑡 − 𝐻𝑤,𝑖𝑛 =

�̇�𝑃5 ∙ 0,9
�̇�𝑃5

⁄

2 ≤ �̇�𝑃5 ≤ 18
. 

(6) 

Enthalpy increase (𝐻𝑤,𝑜𝑢𝑡 − 𝐻𝑤,𝑖𝑛) of district heating water depends on fuel input (�̇�𝑃5) and 

district heating water mass flow (�̇�𝑃5). 

Heat transfer & combustion efficiencies for boiler P1-P5, derived from equations (3) - (6), is 

shown in Table 5. 

 

Table 5: Heat transfer and combustion efficiency for boiler P1 - P4 

Boiler Combustion and 

heat transfer 

efficiency (%) 

P1 & P2 78,4 – 87,1 

P3 62,1 – 71,3 

P4 78,2 – 85,3 

P5 90 

 

Amount of water and steam losses in boilers depends on operation, control equipment and 

water quality. Water is blown out of the deaerator to reduce eventual high concentration of 

salt and at super heaters within the boilers to ensure certain water circulation. Losses for 

boiler P1 and P2 have been calculated from operational data and losses from boiler P3 and P4 

have been estimated together with the steering group as equation (7):  
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{
�̇�𝑃1−𝑃3

𝑠 = �̇�𝑓𝑒𝑒𝑑,𝑃1−𝑃3
𝑠 ∙ 0.864

�̇�𝑃4
𝑠 = �̇�𝑓𝑒𝑒𝑑,𝑃4

𝑠 ∙ 0.94
. (7) 

Feed water mass flow (�̇�𝑓𝑒𝑒𝑑,𝑃1−𝑃4
𝑠 ) demand has assumed to be in a linear relation with steam 

production from boilers (�̇�𝑃1−𝑃4
𝑠 ).  

 

3.1.2.1 Fuel usage 
Combustion of BFG which is the main fuel at the power plant is more complicated than fossil 

fuels, due to of its low heating value. Flame temperature, when combusting BFG, is too low 

for a steady flame to sustain. COG and/or fuel oil is therefore used as support fuel. The 

required flow rate of support fuel differs between boilers and are independent of BFG flow 

rate, but depends on quantity of burners used in each boiler. Each burner in use needs at least 

the minimum allowed flow rate of fuel oil or COG, equation (8), shown in Table 2: 

{
�̇�𝑘

𝑓
≥ 𝑋𝑏 ∙ �̇�𝑘,𝑚𝑖𝑛

𝑓

1 ≤ 𝑋𝑏 ≤ 𝑋𝑏
𝑇𝑜𝑡

. 
(8) 

Amount of support fuel (�̇�𝑘) needed is also bounded by the amount of burners used (𝑋𝑏) in 

each boiler, whereas amount of burners is an integer value.  

 

Fuel costs 

Process gases, BFG and COG, are free of charge for the power plant. COG has a large 

demand within the steel plant, since some processes demands high energy intensive fuels. 

Usage of COG at the power plant is not prioritized within the steel plant, which means that 

BFG should be prioritized in the system model. COG availability for the steel plant is critical, 

at normal operation, but its demand may change due to operation and priority within the steel 

plant. The price of COG has thereby been set as an input, so that operators at the power plant 

can change it.  Prices for fuels are shown in Table 6. 

 

Table 6: Costs for fuels used at power plant 

Fuel type Cost  

Blast furnace gas  0 SEK/Nm3 

Coke oven gas  Input (SEK/MWh) 

Fuel oil  Input (~8000 SEK/m3) 

 

3.1.3 Steam turbine 

Preheater extractions, for heating of feed water before the deaerator, are assumed to be 

unused, which means that more steam has to be extracted directly to the deaerator. This is due 
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to preheater extractions are automatically regulated and that no logging on temperatures, 

pressure or flows occurs. Steam turbine, as calculated in system model, is shown in Figure 8. 

 

Figure 8: Simplified steam turbine schematics 

Manufacturer data and assumptions of deaerator and preheater steam extraction mass flow 

rates have been used for calculations of isentropic and mechanical efficiency. Isentropic and 

mechanical efficiency together with fresh steam feed bounds for above mention configuration 

is shown in equation (9): 

{

𝜂𝑚 = 0.95
𝜂𝑖 = 0.84

45 ∙ 𝑌𝑡 ≤ �̇�𝐻𝑇
𝑠 ∙ 𝑌𝑡 ≤ 250

�̇�𝐿𝑇
𝑠 ≥ 5 ∙ 𝑌𝑡

. 
(9) 

Isentropic efficiency (𝜂𝑖) and mechanical efficiency (𝜂𝑚) are assumed to be constant. 

Calculations for the intermediate expansion points (E2 – E4) has been simplified by assuming 

constant isentropic efficiency with no regard to steam extraction. A binary value (Yt ) 

indicates if the turbine is in use or not is in the system model. Fresh steam feed, from P4, to 

the turbine (�̇�𝐻𝑇
𝑠 ) is limited by a lower and higher bound. The lower bound of steam feed to 

LT (�̇�𝐿𝑇
𝑠 ) is to ensure cooling of turbine blades when the turbine is in use, which is due to 

both turbine parts being connected to the same shaft. Pressure at extractions depends on 

turbine load. This dependency has been acquired from manufacturer data, see Figure 9 and 

equation (10): 
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Figure 9: Extraction pressure for steam turbine 

{

𝑝𝐸4 = �̇�𝐻𝑇
𝑠 ∙ 0.309 ∀ �̇�𝐻𝑇

𝑠 ≤ 53.2

𝑝𝐸3 = �̇�𝐻𝑇
𝑠 ∙ 0.115 ∀ �̇�𝐻𝑇

𝑠 > 53.2
𝑝𝐸2 = �̇�𝐻𝑇 ∙ 0.067

𝑝𝐸1 = 0.04

. 
(10) 

Pressure at E2 – E4 (𝑝𝐸2−𝐸4) depends on fresh steam feed into HT turbine (�̇�𝐻𝑇
𝑠 ), while 

pressure at E1 (𝑝𝐸1) is regulated depending on cold condenser temperature. Extraction 

pressure at E1 has been estimated as constant, since no relation to fresh steam feed were 

available. There are two extractions for the deaerator, E3 and E4, from the steam turbine. 

Which extraction that will be used depends on fresh steam feed to the turbine. When 

extraction pressure at E3 is lower than 6 bars, E4 will be used to feed the deaerator. Pressure 

at extractions E3 and E4 does not always comply with deaerator pressure, due to pressure 

reducing valve connected to E4, which is explained in section 3.1.5.  

Generated electricity from the steam turbine depends on fresh steam feed, extractions, 

isentropic and mechanical efficiencies. Energy output for a general steam turbine, without 

extraction, is calculated as equation (11): 

{
�̇� = �̇�𝑠 ∙ (𝐻𝑜𝑢𝑡 − 𝐻𝑖𝑛)

�̇�𝑒𝑙 = �̇� ∙ 𝜂𝑚𝑒𝑘

. 
(11) 

Generated electricity (�̇�𝑒𝑙) depends on mechanical efficiency (𝜂𝑚𝑒𝑘) and work done by steam 

(�̇�).  Enthalpy difference of inlet (𝐻𝑖𝑛) and outlet (𝐻𝑜𝑢𝑡) steam depends upon pressure 

difference and isentropic efficiency of steam turbine. Enthalpy for each extraction depends on 

previous extraction or steam turbine inlet, counting from high to low pressure, see equation 

(12): 

{
𝐻𝐸𝑥 = 𝐻𝐸𝑥+1 − 𝜂𝑖 ∙ (𝐻𝐸𝑥+1 − 𝐻𝑠,𝐸𝑥)

1 ≤ 𝑋 ≤ 4
. (12) 

𝐻𝐸5 represents turbine fresh steam feed enthalpy. Generated electricity from the steam turbine 

is described by equation (13):  
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�̇�𝑒𝑙 = 𝜂𝑚𝑒𝑘[�̇�𝐻𝑇
𝑠 ∙ (𝐻𝐻𝑇 − 𝐻𝐸3,𝐸4) + (�̇�𝐻𝑇

𝑠 − �̇�𝑑𝑒𝑎
𝑠 ) ∙ (𝐻𝐸3,𝐸4 − 𝐻𝐸2) +

(�̇�𝐻𝑇
𝑠 − �̇�𝑑𝑒𝑎

𝑠 − �̇�𝐸2
𝑠 ) ∙ (𝐻𝐸2 − 𝐻𝐸1)]. 

(13) 

Since electricity consumption within the power plant is neglected, generated electricity (�̇�𝑒𝑙) 

is equal to exported electricity (�̇�𝑡
𝐸𝑋𝑃,𝑒𝑙

), see equation (14): 

�̇�𝑒𝑙 = �̇�𝑡
𝐸𝑋𝑃,𝑒𝑙

. 
(14) 

3.1.3.1 Validation of steam turbine 

Validation was carried out to ensure that electricity production from the system model 

represent that of real operation. This was important to show the system models reliability as 

operational support. Three kinds of data were used during validation; hourly and weekly mean 

operational data and manufacturer data. Electricity production generated from the system 

model was conducted with the same inputs (steam production and district heat production) as 

collected from operational data. Boundaries for the validation were OK3.  

An empirical factor were developed during validation, to compensate for difference in 

electricity production between system model and operational together with manufacturers 

data, see Figure 20 and equation (23) in section 8.2. The empirical factor is in linear 

dependence of fresh steam feed into the steam turbine. 

Modified electricity production from the system model is calculated according to equation 

(15): 

�̇�𝐸𝑋𝑃,𝑒𝑙 = 𝛾 ∙ �̇�𝑡
𝐸𝑋𝑃,𝑒𝑙

. 
(15) 

 

3.1.4 District heating 

As explained in 2.6, heat for district heating is transferred at Vvx OK2, Vvx OK3 and boiler 

P5. Supply temperature (𝑇𝐷𝐻,𝑠𝑢𝑝𝑝𝑙𝑦), equation (14), is in direct relation with outdoor 

temperature, equation (17). Return temperature depends on district heat usage; a pressure 

difference between supply and return steam should be 3 bar. This corresponds to a return 

temperature, from operational data, between 55 and 68 °C, see Figure 10. Return temperature 

(𝑇𝐷𝐻,𝑟𝑒𝑡𝑢𝑟𝑛) from district heating network is estimated as an average value from operational 

data over 8 years, see equation (16): 

𝑇𝐷𝐻,𝑟𝑒𝑡𝑢𝑟𝑛 = 62 °C. (16) 

{
𝑇𝐷𝐻,𝑠𝑢𝑝𝑝𝑙𝑦 = 92 − 1.2 ∙ 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟

80 ≤ 𝑇𝐷𝐻,𝑠𝑢𝑝𝑝𝑙𝑦 ≤ 120
. 

(17) 
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Supply (𝑇𝐷𝐻,𝑟𝑒𝑡𝑢𝑟𝑛) and return (𝑇𝐷𝐻,𝑠𝑢𝑝𝑝𝑙𝑦) temperature for SSAB and Oxelösund 

municipality is estimated to be equal. 

 

 

Figure 10: Supply and return temperature of district heating hot water. 

Vvx OK2 is a condensing heat exchanger with subcooling. For heat transfer to occur, 

minimum temperature difference between condensate and district heat hot water exit 

temperatures have been estimated from operational data as 8 ̊C. 

Vvx OK3 is a condensing heat exchanger. Exit (condensate) temperature from this heat 

exchanger is described as equation (18): 

𝑇𝑉𝑣𝑥3,𝑒𝑥𝑖𝑡 = 𝑇𝑠𝑎𝑡 = 𝑓(𝑝𝐸2). (18) 

Extraction pressure at the end of HT part of the steam turbine, equation (10), determines 

saturation temperature (𝑇𝑠𝑎𝑡 = 𝑓(𝑝𝐸2)) hence also condensate temperature. To ensure heat 

will be transferred from steam to district heating hot water, a minimum temperature different 

of 2 °C between condensate and district heating hot water must be satisfied by the model. 

Heat transfer efficiency for Vvx OK3 (𝜂𝑉𝑣𝑥,𝑂𝐾3) has been calculated using operational data by 

ratio of heat increase and decrease of district heat hot water (∆�̇�𝐷𝐻,𝑉𝑣𝑥
𝑤 ) and condensing steam 

(∆�̇�𝑉𝑣𝑥
𝑠 ) respectively. Operational data for Vvx OK2 was insufficient to calculate the heat 

transfer efficiency (𝜂𝑉𝑣𝑥,𝑂𝐾2), it has therefore been estimated to be equal as that for Vvx OK3. 

Heat decrease of steam and heat increase of district heating hot water is shown in Figure 11. 
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Figure 11: Energy balance over Vvx OK3 

The heat exchangers heat transfer efficiency for Vvx OK2 and Vvx OK3 are assumed to be 

constant for all heat loads, see equation (19): 

{

∆�̇�𝐷𝐻,𝑉𝑣𝑥
𝑤 = 𝜂𝑉𝑣𝑥 ∙ ∆�̇�𝑉𝑣𝑥

𝑠

𝜂𝑉𝑣𝑥,𝑂𝐾3 = 0,906

𝜂𝑉𝑣𝑥,𝑂𝐾2 = 0,906

 
(19) 

 

3.1.5 Deaerator 

Pressure reducing valve after E4 shown in Figure 8, is set to deliver steam at a maximum 

pressure of 6 bar, when fresh steam feed is between 20 and 53 kg/s. Pressure at deaerator is 

thereby limited to this value until E3 is in use, see equation (10). When the pressure reducing 

valve is not in use, extraction pressure from E3 or E4 will be prevailing pressure in the 

deaerator, equation (10). Deaerator pressure as function of fresh steam feed is shown in Figure 

12. 
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Figure 12: Deaerator pressure as function of fresh steam feed in steam turbine 

It is possible to extract steam to OK2s 6 bar steam network when deaerator pressure is 6 bar 

or higher. The deaerator in OK2 has a constant pressure of 1.5 bar. 

Mass balance for the deaerators (20) is illustrated in Figure 13. 

 

 

Figure 13: Illustrated mass balance over deaerator 

 

�̇�𝐹𝑒𝑒𝑑
𝑤 = �̇�𝑑𝑒𝑎

𝑠 + �̇�𝑚𝑎𝑘𝑒 𝑢𝑝
𝑤 + �̇�𝐶𝐶

𝑤 + �̇�𝐷𝐻
𝑤 . (20) 

Incoming steam into deaerator is at OK3 from the steam turbine and at OK2 from the 6 bar 

steam network through a pressure reducing valve, 6 to 1.5 bar. Incoming water comes from 

cold condenser (�̇�𝐶𝐶
𝑤 ) (OK3 only), district heat condenser (�̇�𝐷𝐻

𝑤 ) and make up water 

(�̇�𝑀𝑎𝑘𝑒 𝑢𝑝
𝑤 ). Saturated feed water from the deaerator (�̇�𝐹𝑒𝑒𝑑

𝑤 ) is used in the boilers (7) and for 

cooling of steam at letdown valves R1 to R4 (�̇�𝑅1−4
𝑤 ) (21): 

�̇�𝐹𝑒𝑒𝑑
𝑤 = ∑ �̇�𝑓𝑒𝑒𝑑,𝑏

𝑤
𝑏 + ∑ �̇�𝑅𝑋

𝑤
𝑋 . (21) 
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The steam demands mass flow rate in to the deaerators (�̇�𝑑𝑒𝑎
𝑤 ) depends on incoming water 

flows and its enthalpies (22) together with steam usage within the plant: 

�̇�𝑑𝑒𝑎
𝑠 = (�̇�𝑓𝑒𝑒𝑑

𝑤 ∙ ℎ𝑓𝑒𝑒𝑑
𝑤 − �̇�𝑚𝑎𝑘𝑒 𝑢𝑝

𝑤 ∙ ℎ𝑚𝑎𝑘𝑒 𝑢𝑝
𝑤 − �̇�𝐸1

𝑤 ∙ ℎ𝐷𝐻
𝑤 − �̇�𝐸2

𝑤 ∙ ℎ𝐶𝐶
𝑤 )/ℎ𝑑𝑒𝑎

𝑠  . (22) 

Feed water (ℎ𝑓𝑒𝑒𝑑
𝑤 ), district heat (ℎ𝐷𝐻

𝑤 ) and cold condenser (ℎ𝐶𝐶
𝑤 ) water enthalpies is for 

saturated water for the pressure in the deaerators, district heat condensers and cold condenser 

respectively.  

 

3.1.6 Water cost 

Steam can be sent from OK3 to OK2 by letdown valve R1 or by extraction from the steam 

turbine. The pressure which is sent from OK3 through extraction from the steam turbine is 

equal to that in the deaerator, see Figure 12. The cost of the softened water (𝐶𝑂𝐾2), used in 

OK2, and totally desalted water (𝐶𝑂𝐾3), used in OK3, are estimated from standard water costs 

(Jönsson, 2007). Cost of the water used in each steam network is presented in Figure 6. 

 

Table 7: Cost of desalted and softened water used at the power plant 

Water type Cost of water (SEK/m3) 

Softened (OK2) 20 

Totally desalted (OK3) 40 

 

3.1.7 Solver 

The system model developed in Microsoft Excel is manual and uses input values, decided by 

prerequisites and demands, which operators at the power plant have to insert. The model will, 

using these input values, maximize the objective function, see equation (1), by modifying 

chosen variables. Inputs are shown in Table 8 and variables in section 8.1 Table 12. 
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Table 8: Description of input values in system model 

Inputs Selection 

options/Unit 

Number of 

inputs 

Description/Comment 

Boiler status Auto/On/Off 5 Boiler status may be chosen for all 

boilers. In auto mode the model 

will find the best status for the 

boiler. 

Boiler priority Boiler P1/P2 1 Which boiler in OK2 that should 

be prioritized to be used. This input 

is needed since both boilers are 

identical in manner of efficiency. 

Steam turbine Auto/On/Off 1 Steam turbine status may be 

chosen. In auto mode the model 

will find the best status for the 

steam turbine. 

Fuel price SEK/Nm3 and 

SEK/MWh 

2 Price of fuel oil and COG 

Electricity and district 

heat price 

SEK/MWh 2 Selling price for electricity and 

district heat. 

Available process gas Nm3/h 2 Available COG and BFG for the 

power plant. 

Heating value  MJ/Nm3 2 Heating value of incoming COG 

and BFG. 

District heat demand  MW 2 District heat demand for 

SSAB/Oxelösund municipality 

Outdoor temperature C 1 Outdoor temperature decides 

district heating supply temperature. 

Available heat at LD 

converter 

MW 1 Heat transfer to district heating 

network from LD converter. 

Process steam 

demands 

ton/h 16 Process steam demands for all 

users. 

  

The solver type used in What’s Best! is the global solver, which partition non-

convex/nonlinear problems into several convex/linear sub-problems. Global solver also use a 

process named branch-and-bound, which implicitly enumerates all possible integer solutions 

in an intelligent fashion, minimizing the number of solutions that have to be explicitly 

examined. By using these techniques, it guarantees that a global optima will be found if a 

feasible solution can be found. (Lindo Systems, 2013) 
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3.1.7.1 Modifications to reduce solution time 

In order to reduce calculation time and for the resulting operational suggestions to be more 

reliable, following simplifications and assumptions has been made: 

 Preheater extraction elimination 

 Constant isentropic efficiency 

 Constant cold condenser extraction pressure 

 Linear steam production relation for boilers 

Reducing the number of extractions from the steam turbine and complexity of deaerator 

energy balance, by neglecting preheaters, led to significant time savings for the solver to find 

an optimal solution. Steam turbine extraction changes made alters deaerator energy balance 

and electricity production, since more steam has to be extracted at a higher pressure, E3 and 

E4. Calculated isentropic and mechanical efficiencies from production data does not comply 

with the one used in the system model. An empirical factor, see equation (23), has therefore 

been developed to account for this change in sense of produced electricity.  

Using unsupported macro functions hampers optimization for the solver because correlations 

are unknown. Fitted curve polynomials for enthalpies, as function of fresh steam feed at each 

extraction, were derived since X-steam macro, used for water and steam properties, is 

unsupported in the global solver in Whats Best!. This was made possible by assuming the 

isentropic efficiency for the steam turbine to be constant (see section 2.3). Similar functions 

were carried out at the district heating network, since steam properties are changing with 

district heat load.  

Initial starting values were made to ensure that the solver starts its calculations where all 

formulas were valid. This starting case was developed to reduce solution time and ensure a 

valid solution. 

 

3.2 Operational comparison 

Operational comparison between system models proposed operation and historic operations of 

the plant (operational data) was carried out to examine potential savings. To compare system 

model suggestion with operational data under varying loads, ten minutes and weekly average 

operational data had to be used. The operational data acquired as 10 minutes mean values 

were modified to hourly mean values when operations were fairly constant. 

Operational data acquired does not include all process steam users, let down valves or steam 

turbine extractions. The comparisons were carried out by first setting known constraints from 

operational data and then manually adjust variables and unknown demands to set the system 

model in balance. This made it possible to find the process steam usage. 
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4 Results 

4.1 System model 

The developed system model delivers operational support for a given case inserted by 

operators. Best theoretical operation based on maximum revenue, equation (1), is presented 

when the system is solved. The model consists of 34 variables (15 integers and 19 continuous) 

and 72 constraints.  

The system visualization for the operators consists of two spreadsheets. The first spreadsheet 

is where operators enter conditions and overall usage of steam turbine and boiler are shown, 

see section 8.3 Figure 21. The second spreadsheet is a flow-sheet where all suggested fuel 

usage, steam usage and district heat production are presented, see section 8.3 Figure 22.  

When all inputs are set, the model will work for 2 – 6 minutes to converge and deliver its 

result. Time needed to solve the system is reduced when the steam turbine is not used, which 

is because pressures and therefore also vapor properties at each steam network is constant.  

Delivered operational suggestion from the system model displays: 

 Status for all boilers (on/off) 

 Amount of fuel input in each boiler  

o COG 

o BFG 

o Fuel oil 

 Steam turbine status (on/off) 

 Electricity production 

 Steam usage within the power plant 

o Process steam 

o Fresh steam feed to the steam turbine 

o Steam flow into let down valves and cooling station 

 District heat production 

 

4.2 Validation of steam turbine 

The validation of the steam turbine in Table 9 shows electricity productions, by system model 

together with operational and manufacturers data, for different fresh steam feed into steam 

turbine and district heat production at Vvx OK3. The results indicate a deviation of ± 7 

percent for the cases studied.  
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Table 9: Validation of steam turbines electricity production 

 Fresh 

steam 

feed into 

turbine 

(kg/s) 

Fresh 

steam 

feed into 

turbine 

(Ton/h) 

District heat 

production 

(MW) 

Produced 

electricity, 

operational 

data (MW) 

Produced 

electricity, 

Model 

(MW) 

Electricity 

deviation 

(%) 

Hourly mean 

values 

      

 12.3 44.4 12.9 9.3 9.5 +2.0 

 12.5 45.1 16.3 9.0 9.2 +2.6 

 12.6 45.3 11.5 10.0 9.8 -2.3 

Weekly 

mean values 

      

 35.8 128.8 0.3 33.9 34.0 +0.4 

 14.6 52.5 0.1 12.2 12.8 +5.2 

 28.9 104.2 15.8 25.0 24.5 -1.9 

 40.0 144.0 0.3 37.1 38.6 +4.0 

Manufacturer 

data 

      

 22.2 80.0 0.0 19.9 20.0 +0.5 

 47.4 170.5 0.0 50.0 46.6 -6.9 

 62.2 224.0 0.0 65.0 64.7 -0.5 

 69.4 250.0 0.0 71.5 71.5 -0.0 

  

 

4.3 Turbine usage 

As process gas availability, electricity price and district heat demand varies, cost or profit for 

using the steam turbine changes. When the lower boundary for fresh steam feed to the turbine 

cannot be met from combustion of process gas, fuel oil has to be used as top fuel, otherwise 

the turbine has to be shut down. In order to identify the economic limitations for when using 

the steam turbine, critical scenarios where the profit from electricity production is equal to the 

cost of top fuel are calculated. This has been simulated by adjusting process gas availability, 

district heat demand and electricity price. 
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Boundary for the calculation is OK3, see Figure 4, which means that district heat is produced 

by extraction from steam turbine or letdown valves only. It is assumed that there is sufficient 

COG available as support fuel for combustion of BFG, see equation (8). Economic viable oil 

addition as function of electricity price for different district heat production is shown in 

Figure 14 and minimum required process gas availability for usage of turbine is shown in 

Figure 15. Both figures are derived from the same cases and should be viewed in context of 

each other.  

 

Figure 14: Fuel oil addition into boiler P4 depending on electricity price and district heat production for turbine usage  

 

 

Figure 15: Required process gas availability for boiler P4 depending on electricity and district heat production price 

for turbine usage  

The three lines in Figure 14 and Figure 15, represents different district heat production 

scenarios at OK3. Amount of fuel oil added to keep turbine in use should not exceed the limit 

set by these lines, Figure 14, while minimum required amount of process gas availability 

should exceed the limits showed in Figure 15. There are three interesting areas within these 

diagrams, one where fuel addition and required process gas availability is in linear 
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dependence of the electricity price and two where these are constant. From Table 10 can be 

seen that turbine load is constant up to an electricity price of around 2 400 SEK/MWh.   

The first area is when required process gas availability and fuel oil addition is linearly 

dependent of the electricity price. District heat demand can then be fulfilled through let down 

valves, without addition of fuel oil. In order to keep the steam turbine in use, oil has to be 

added; the profitable addition of oil can be seen in Figure 14. 

For the cases when district heat is produced, 20 and 40 MW, the linear functions end with a 

vertical step, at an electricity price of around 1 000 and 1 260 SEK/MWh respectively. This is 

when the electricity price is high enough to produce district heat through the steam turbine by 

combustion of fuel oil only.  

At prices above ~2 350 SEK/MWh it is profitable in all scenarios to use fuel oil for 

production of district heating and electricity. The steam turbine should then, for economical 

purpose, be used at maximum load because of the higher efficiency at high loads. 

 

Table 10: Turbine loads for the different district heat production and electricity prices presented in Figure 16 and 

Figure 17 

District heat 

production 

(MW) 

Electricity 

price 

(SEK/MWh) 

Electricity 

output (MW) 

Fresh steam 

feed into 

turbine 

(kg/s) 

Fresh steam 

feed into 

turbine 

(ton/h) 

Fuel input 

into boiler 

P4 (MW) 

      

0 < 2 319 11.1 12.5 45.0 40.9 

20 < 2 337 9.1 12.5 45.0 40.9 

40 < 2 370 14.4 21.3 76.8 69.7 

      

0 > 2 319 60.0 57.4 206.6 187.7 

20 > 2 337 60.0 61.5 221.5 201.2 

40 > 2 370 60.0 65.9 237.3 215.5 
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4.4 Operational comparison 

Operational suggestion from the system model is compared to operational data, to show how 

operation may change and the results of this regarding revenue.  

Operation of the plant during a specific time space is compared with proposed operation by 

the system model. The operational suggestion calculated by the model has the same input 

(process gas availability) and output (district heat production, process steam delivery) as the 

operational data. The oil price for all three comparisons is set to 8 000 SEK/m3 for both 

system model suggestions and operational data. The electricity prices used was current price 

on the Swedish electricity market, for the different time which operational data was gathered. 

Operational data used was hourly, case 1 and 2, and weekly mean values, case 3. 

Comparisons are shown in Figure 16, Figure 17 and Figure 18.  

 

Figure 16: Operational comparison case 1, hourly mean values for 03:30-04:30 on 28 February 2014. Electricity price 

of 261 SEK/MWh 

Figure 16 shows that the model suggests that less steam should be produced in both OK2 and 

OK3 compared to operational data. System model shows that fresh steam feed into the steam 

turbine, which is produced at OK3, should be at minimum allowed to keep it on. Steam 

turbine extraction for district heat condenser is maximized for that fresh steam feed in the 

suggested case, see section 4.5 Figure 19. OK2 produces steam to cover process steam 

demand; the remaining process gas is then used to produce district heat in OK2. District heat 

demand which is not covered by combustion of process gas is produced in boiler P5 by 

combustion of fuel oil.   

Fuel oil consumption is reduced significantly and electricity production marginally. Revenue, 

equation (1), increase of model suggestions is 6 499 SEK/h excluding taxes, which is due to 

reduction of fuel oil usage. An oil usage reduction of 8.5 MWh (79 %) during this hour 

correspond to annual savings of around 55 MSEK and 21 000 ton of CO2 emissions.  
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Figure 17: Operational comparison case 2, hourly mean values for 15:30-16:30 on 1 Mars 2014. Electricity price of 

259 SEK/MWh 

Comparison 2, Figure 17, shows that more steam should be produced in OK2 and no steam in 

should be produced in OK3. The steam turbine is shut down by suggested operation from the 

system model, which is due to insufficient process gas availability for this electricity price. 

All district heat is produced in OK2. Some process gas is not used and needs therefore to be 

flared.  

Fuel oil consumption is reduced significantly and no electricity is produced. Revenue, 

equation (1), increase of model suggestions is 7 366 SEK/h excluding taxes, which is also due 

to reduction of fuel oil usage. An oil usage reduction of 12.8 MWh (100 %) during this hour 

correspond to annual savings of around 83 MSEK and 31 000 ton of CO2 emissions.  
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Figure 18: Operational comparison case 3, weekly mean values for 3-10 May 2010. Electricity price of 453 SEK/MWh 

In this case all district heat should be produced at OK3 since district heat demand may be 

covered by extraction from the steam turbine, which is fed by combustion of process gas only. 

More fresh steam is introduced into the steam turbine, by higher heat input at OK3, which 

results in more electricity production. A small amount of fuel oil, used as support fuel in 

operational data, can be avoided in system model suggestion by better distribution of COG. 

The system model suggests that the 6 bars steam flow demand at OK2 should be provided by 

extraction from the steam turbine. This is possible because of the high fresh steam feed into 

the steam turbine, see 2.4.  

Fuel oil consumption is reduced and electricity production is increased. Revenue, equation 

(1), increase of model suggestions is 1 399 SEK/h excluding taxes, which is mostly due to 

higher electricity production. An oil usage reduction of 0.2 MWh (100 %) during this hour 

correspond to annual savings of around 14 MSEK and 531 ton of CO2 emissions.  

Annual savings from the three operational comparisons is presented in Table 11. 
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Table 11: Annual savings from operational suggestions compared to operational data for the three comparisons 

Comparison Annual 

revenue 

increase 

(MSEK/year) 

Annual fuel oil 

savings 

(MSEK/year) 

Reduced 

fuel oil use 

(%) 

Annual 

CO2 

emission 

reduction 

(ton/year) 

Annual 

electricity 

production 

increase 

(GWh/year) 

Case 1 56.9 55.3 79.1 21 000 -9.6 

Case 2 64.3 82.8 100 31 000 -87.6 

Case 3 12.3 1.4 100.0 531 23.7 

 

4.5 District heat production 

Which steam network to use for production of steam for district heating depends on district 

heat demand, process gas availability, turbine usage and electricity price. Where district heat 

should be produced mostly depends on if the steam turbine is in use or not. When the steam 

turbine is used, district heat production should be carried out by extracting steam from the 

steam turbine. The amount of district heat that can be produced by Vvx OK3 as function of 

fresh steam feed into the steam turbine is shown in Figure 19. 

 

 

Figure 19: Maximum district heat production at Vvx OK3, by steam extraction from steam turbine, as function of 

fresh steam feed into the steam turbine 

OK2 should be used to produce the district heat when process gas availability for boiler P4 is 

insufficient to make use of the steam turbine, see Figure 14, but enough to produce district 

heat without addition of fuel oil.  

Fuel oil should be combusted, when process gas availability is insufficient, in boiler P5 for 

production of district heat when the turbine is not used or when electricity price is lower than 
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1 075 SEK/MWh. This price was calculated by the system model by forcing the model to use 

fuel oil to produce demanded district, which at low electricity price was combusted in boiler 

P5 and high electricity price in boiler P4 to feed the steam turbine. When the electricity price 

is above this value, 1 075 SEK/MWh, it should be added into boiler P4 and fed into the steam 

turbine to produce electricity and district heat at Vvx OK3.  
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5 Discussion & conclusions 

5.1 System model 

The MINLP system model developed in Microsoft Excel consists of 72 constraints and 34 

variables, of which 15 integers and 19 continuous. It can deliver operational support within 6 

minutes when using a 2.26 GHz Intel core duo processor and the suggested operation can be 

followed by the operators at the power plant. Constraint which has been set up during model 

building was to ensure that suggested operations would be practically possible. However, 

since the model works from static input data, it does not consider fluctuations in the system.  

Suggestion from the model is presented as overall steam usage, since many let down valves 

and heat exchangers are calculated as one. This must be considered when striving for the 

optimal operation. 

The short time required to receive a suggested operation makes it possible to be used during 

operation nonetheless as a planning tool for future operation.  

Simplifications, estimations and assumptions made during building phase of the system model 

have been discussed within the steering group. Simplifications made to reduce complexity of 

the system where mainly to reduce solving time. Estimations made were due to unknown 

operation or insufficient operational and manufacturer data.  

Steam production in boilers, heat transfer efficiency at district heat condenser and electricity 

production in steam turbine are all based on operational data.  

Heat transfer efficiency of boiler P5 is estimated by the steering group, since no operational or 

manufacturer data was available. This assumption might change suggestion of when to use 

this boiler. However its efficiency must be significantly lower in order to make another boiler 

more efficient in producing district heat. This is due to its efficiency of producing district heat 

(90 %) is significantly higher than that at OK2 and OK3 (75-85 % for the boiler and 90 % for 

Vvx OK2 and OK3).  
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5.2 Operational guidelines 

From evaluating turbine usage, operational comparisons and district heat production 

following conclusions have been made: 

  District heat production order 

1. At OK2 when steam turbine is not in use 

2. By extraction from steam turbine when turbine is used 

3. In boiler P5 when fuel oil has to be used (electricity price < 1 075 SEK/MWh) 

 OK2 

1. Satisfy process steam demand only when steam turbine is used 

2. Satisfy district heat demand and process steam when turbine is not used 

 OK3 

1. Use as much process gas as available to produce electricity and district heat 

2. Satisfy OK2 6 bar steam demand when extraction pressure is high enough 

 Boiler P5 

1. Should be used when fuel oil has to be used as top fuel 

To only satisfy process steam demand by steam production at OK2 may be difficult, since 

process steam demand can change rapidly. The purpose of the power plant is to satisfy 

process steam and district heat demand, which should never be compromised. It might 

therefore be necessary to produce more steam than required at OK2 which produce district 

heat, to have some buffer steam in case of rapid increase in process steam demand. With that 

in mind, operators should always strive for the suggested operation. 

 

5.3 Concluding remarks 

When using the developed static system model for comparing operation or planning purpose, 

events and fluctuations for the power plant during the time of interest must be considered. If 

large changes of operation occur during this time period, it should be divided into several 

cases where operation at the power plant is steady. When conditions for the power plant 

changes, mean values of these over a period of time should not be used. This is due to the 

optimal operation, regarding cost effective production, may be significantly different during 

that time period.  

The operational comparison cases show that large revenues can be achieved by operating the 

plant as suggested by the system model. The operational suggestions presented by the model 

indicates that fuel oil consumption can be reduced when process gas availability is low and 

district heat demand is high (case 1 & 2) and more electricity can be generated when process 

gas availability is high and district heat demand low(case 3).  

Operational comparisons savings, showed in Table 11, indicates that around 50 – 100 percent 

of the used oil by operational data could be saved by the system models suggested operation. 

The power plant use fuel oil for a cost of around 30 MSEK (41 GWh) annually excluding 

taxes, which correspond to CO2 emissions of 11 400 ton/year. By operating the plant 

optimally, regarding cost effective production, more than half of this could be saved.  

Around 155 GWh of electricity has been produced annually by the power plant. Operational 

suggestions shows that this value may both increase or decrease depending on conditions. It is 

likely to say that electricity production will decrease when district heat demand is high, since 
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the system model wants to produce more district heat in boiler P5 when fuel oil must be used, 

and increase when it is low due to better use of the steam turbine. The system model uses the 

electricity price when calculating the optimal operation, which means that even if electricity 

production decreases, it will never be greater than the fuel oil savings. 

Looking on the power plant as a whole system gives great potential to optimize overall 

operation and thereby also its revenue. With this power plant model, SSAB EMEA Oxelösund 

now has the possibility to plan their operation in advance and generate guidelines of how to 

operate the power plant in a cost-effective manner.  
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6 Continued work 

The system model can be used to evaluate fuel use, system design, prioritizations or other 

modifications regarding the power plant and/or steel plant. Potential future use of the model 

for the system model is presented below: 

The developed system uses manual input set by the operators, but it is possible to implement 

automate reading of conditions for the power plant from their database. Operational 

suggestion would then show operators of the power plant how to operate the plant 

instantaneously during operation. When using the model for planning purpose, manual inputs 

would still be necessary. 

The system model could evaluate the potential of using the today flared BOFG at the power 

plant. This gas can advantageously be used to increase the heating value of BFG. Since the 

BFG heating value is an input set by the operators, implementation of BOFG in the system 

model does not require any modifications.  

By allowing district heat to be produced in Vvx OK3 prior to Vvx OK2, supply temperature 

demand for the district heating network could be met at a bigger extent. This is due to the low 

condensate temperature of extracted steam, at low turbine load, from the steam turbine. This 

opportunity should be investigated by how often fuel oil has to be combusted in boiler P5 in 

order to reach supply temperate when it would be possible by another interconnection 

between Vvx OK2 and OK3. The system model can be used to evaluate how much fuel oil, 

combusted in boiler P5, which may be saved by another interconnection between Vvx OK2 

and Vvx OK3. 

Coke oven gas within the steel plant is now prioritized for the re heating furnaces as substitute 

for fuel oil. Power plant and the hot stoves, which also use coke oven gas, must thereby adjust 

its use of COG. Operational data shows that the use of COG is often higher than needed as 

support fuel and since it is substitute for oil in the re heating furnace, its usage is as costly as 

fuel oil. By using COG in the power plant and hot stoves as support fuel for BFG only, as far 

as possible, and allowing the re-heating furnace to adjust its use of COG to ensure pressure at 

the COG network is within limitations, wasteful use could be minimized. COG usage at the 

power plant can be minimized by setting its cost close to that of fuel oil, in the system model. 

Nyköping municipality district heat network, which is about 20 km apart from Oxelösund, 

could be connected to the same district heat network as Oxelösund. This may show great 

economical potential, due to large excess of process gas at SSAB EMEA Oxelösund during 

high activity on the steel plant. Nyköpings district heat network is mainly fueled by biomass, 

in the form of industrial and forestry waste. The system model would need to be expanded to 

include another district heat network. Hot water losses due to the distance between the cities 

and pollutant emissions would also be needed to be included. 
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8 Attachments 

8.1 Variables used in system model 

Table 12: Variables used by system model 

Variable Unit Amount of 

variables 

Description 

Boiler P1-P5 

status 

Binary 5 Indicated if a boiler is used or not 

Number of 

burner used 

Boiler P1-P4 

Integer 4 Number of burners used in each boiler.  

COG flow in 

boiler P1-P4 

nm3/s 4 Volume flow of COG introduced in each boiler 

BFG usage Binary 4 Indicated if BFG can be used is that boiler 

BFG flow in 

boiler P1-P4 

nm3/s 4 Volume flow of BFG introduced in each boiler 

Fuel oil  kg/s 5 Mass flow of BFG introduced in each boiler 

Steam turbine 

status 

Binary 1 Indicated if the steam turbine is used or not 

Steam to turbine kg/s 1 Fresh steam feed to the steam turbine 

Steam extraction 

to deaerator 

kg/s 1 Steam extracted through E3 or E4 from steam 

turbine to deaerator or 6 bar steam network at 

OK2. 

Steam extraction 

to district heat 

condenser 

kg/s 1 Steam extraction through E2 to Vvx OK3 

Steam extraction 

to OK2 6 bar 

network 

Binary 1 Indicated the possibility to extract steam to OK2 

6 bar network 

105 bar steam 

from OK3 -> 

OK2 

kg/s 1 Steam mass flow sent from OK3 to OK2 trough 

letdown valve R1 

36 bar 

overheated steam 

to saturated 

steam 

kg/s 1 Steam mass flow sent to cooling station O1. 
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Deaerator feed 

steam 

kg/s 1 Steam mass flow rate into deaerator located at 

OK2 
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8.2 Empirical factor 

 

Figure 20: Empirical factor regarding electricity production 

The empirical factor was used in the system model to adjust electricity production according 

to equation (23): 

{
𝛾 = 0.00376 ∙ �̇�𝐻𝑇

𝑠 + 0.830 ∀ �̇�𝐻𝑇
𝑠 ≤ 44.7

𝛾𝑒𝑚𝑝 = 1 ∀ �̇�𝐻𝑇
𝑠 > 44.7

. 
(23) 

 

Adjusted electricity production (�̇�𝐸𝑋𝑃,𝑒𝑙) from described electricity production (�̇�𝑡
𝐸𝑋𝑃,𝑒𝑙

) in 

section 3.1.3 is modified by the empirical factor (𝛾). Validation is shown in Table 9. 
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8.3 System model design 

 

Figure 21: System model input sheet 
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Figure 22: System model flow sheet 


