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A B S T R A C T   

To reduce carbon dioxide emissions from the steel industry, efforts are made to introduce a steelmaking route 
based on hydrogen reduction of iron ore instead of the commonly used coke-based reduction in a blast furnace. 
Changing fundamental pieces of steelworks affects the functions of most every system unit involved, and thus 
warrants the question of how such a transition could optimally take place over time, and no rigorous attempts 
have until now been made to tackle this problem mathematically. This article presents a steel plant optimization 
model, written as a mixed-integer non-linear programming problem, where aging blast furnaces and basic ox-
ygen furnaces could potentially be replaced with shaft furnaces and electric arc furnaces, minimizing costs or 
emissions over a long-term time horizon to identify possible transition pathways. Example cases show how 
various parameters affect optimal investment pathways, stressing the necessity of appropriate planning tools for 
analyzing diverse cases.   

1. Introduction 

Steel production currently stands for about 7 % of anthropogenic 
CO2 emissions [1], which has motivated efforts to find alternative and 
more sustainable ways of producing steel. One suggested remedy has 
been to replace coke-based reduction in blast furnaces followed by 
conversion of hot metal into steel in basic oxygen furnaces (the BF-BOF 
route) by hydrogen-based reduction in shaft furnaces followed by 
melting of the resulting direct reduced iron (DRI) in electric arc furnaces 
(the H2-SF route) [2]. Both these routes start from iron ore as raw ma-
terial and result in crude steel that can be further processed into steel 
products. While the BF-BOF route relies on coal both as a reducing agent 
and as a source of energy, the H2-SF route requires hydrogen for the 
reduction and large amounts of electricity as an energy source, both in 
the electric arc furnaces and for producing the hydrogen, when done 
through electrolysis. Challenges in large-scale realization of the H2-SF 
route include the availability of low-carbon electricity and the de-
mand of higher-grade iron ores compared to the BF-BOF route. 

Ongoing projects are implementing hydrogen direct reduction. The 
HYBRIT demonstration project in Sweden aims at replacing blast fur-
naces with shaft furnaces producing DRI pellets using hydrogen from 
electrolyzers powered by fossil-free electricity [3], followed by electric 

arc furnaces (EAF). The HYFOR pilot plant in Austria uses hydrogen gas 
to reduce iron ore concentrate fines, for further processing in an EAF or 
into hot briquetted iron [4]. The H2Stahl project in Germany aims at 
large-scale delivery of hydrogen via pipelines to supply hydrogen both 
for use in blast furnaces and for direct reduction [5]. These types of pilot 
projects contribute to the development of hydrogen-based steel pro-
duction, and generally to large-scale utilization of hydrogen. 

The hydrogen reduction process has been studied from different 
points of view. Spreitzer and Schenk [6] reviewed the process and 
related literature and concluded that single process mechanisms are well 
known, but the combined process, with many influencing parameters, is 
not. Patisson and Mirgaux [7] presented a mathematical model for shaft 
furnace operation with hydrogen and experimental studies of iron ore 
reduction kinetics, and found that complete metallization could be 
achieved faster in reduction with only H2 compared with reduction with 
both H2 and CO. Using a kinetic model of a shaft furnace with top gas 
recycling, Shao et al. [8] found that productivity is higher in a shaft 
furnace with hydrogen than with syngas, further suggesting a dual-row 
injection of the reduction gas to improve thermochemical conditions 
and thus performance. Further experimental studies and experiences 
from pilot projects are expected to improve future shaft furnace models 
as well. 
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Vogl et al. [9] analyzed a steelmaking process based on hydrogen 
direct reduction and compared its competitiveness against an integrated 
steel plant using the traditional BF-BOF route with different costs for 
electricity and CO2 emissions and different charges of scrap in the EAF. 
They concluded that competitiveness of the hydrogen-based process 
highly depends on the availability of very low-cost electricity and/or 
high penalties for CO2 emissions. They also studied break-even values 
for grid emission intensity (GEI) when the emissions for the H2-SF route 
equal emissions from the BF-BOF route, reaching the value 532 
kgCO2/MWh with 100 % DRI charge to the EAF. Bhaskar et al. [10] 
made a techno-economic assessment of a hydrogen-based steel plant in 
Norway, with relatively cheap and fossil-free electricity largely avail-
able. Electricity prices in the study revolve around 30–50 €/MWh, and 
the authors found the H2-SF route about 40 % more costly than a cor-
responding BF-BOF route, with CO2 mitigation costs of 68–180 US$/tCO2 
depending on plant configurations. 

Effects of a transition towards hydrogen-based steel production 
considering energy system requirements have been studied by Pimm 
et al. [11]. They combined a model of steel production with a long-term 
energy system planning model to evaluate costs of hydrogen-based steel 
production, acknowledging the influence of scrap utilization rates in 
EAFs. Interaction between steel plants and the energy systems they are 
part of is important to consider, as intermittent renewable energy 
sources combined with production of hydrogen and steel can involve 
complex dynamics. System complexities are further increased if, e.g., 
valorization of byproducts and process gases is considered. Zaccara et al. 
[12] highlight the use of hydrogen in potential methanol and methane 
syntheses from steelworks off-gases, and Angeli et al. [13] studied a 
process for producing syngas from blast furnace and coke oven gases. 
Including this type of processes in a system analysis increases potential 
system flexibility and performance, but also makes the analysis much 
more complex. 

The BF-BOF route in an integrated steel plant is well-established and 
optimized on a system level, utilizing process gases and by-streams 
efficiently. Changing the fundamental units in a steel plant will 
require rethinking the system with its various unit interactions to 
properly design and dimension new units as well as reconfigure old units 
preserved in the system. Optimized operation of integrated steel plants 
has been studied by, e.g., Ghanbari et al. [14], and similar modelling 
methodologies could be used for plants applying hydrogen-based 
reduction and plant configurations in intermediate stages of a transi-
tion. Transition pathway models have been studied in the context of 
energy systems by, e.g., Prina et al. [15], who developed a model for 
long-term energy planning, optimizing investments and operation of the 
Italian energy system over a selected time horizon, and by Haikarainen 
et al. [16], who developed an energy system transition model imple-
mented as a mixed-integer linear programming problem. Both studies 
optimize long-term time horizons divided into shorter time steps. This 
type of transition pathway optimization has not yet been applied to steel 
production. 

This article contributes to the literature by presenting an optimiza-
tion modelling approach that can be used for analyzing investments and 
operation during a period in which a steel plant is considering transition 
to hydrogen-based reduction of iron ore to suppress emissions. As the 
approach is novel in this context, the model is presented in detail and its 
functionality is demonstrated with example cases. Section 2 of this 
article describes the optimization model with its objective function and 
constraints. The optimization minimizes accumulated costs or emissions 
over a time horizon, allowing for a comparison of different future sce-
narios for different types of plant configurations, with different as-
sumptions regarding raw material availability and costs, electricity and 
carbon permit costs, grid emission intensities, etc. This type of a tool can 
provide information on potential combinations of investments and 
operational schemes involving old and new process units and streams, 
including raw materials and process by-products, that otherwise could 
be difficult to deduce in a complex transitional phase of an industrial 

site. Section 3 demonstrates model functionality with three example 
cases in which an integrated steel plant considers transitioning from 
blast furnaces to hydrogen-based reduction. Two cases compare a situ-
ation where an upcoming dismantling of blast furnaces has already been 
decided to one where prolonged blast furnace use is an alternative. A 
third case provides an additional comparison with higher costs placed 
on CO2 emissions. The cases allow comparison of different steelmaking 
routes to identify key parameters affecting optimization outcomes. The 
article finishes with conclusions and future prospects in Section 4.  

Nomenclature 

Variables Units 

ṁ Mass flow t/h 
V̇ Volume flow kNm3/h 
x Fractions and rates  
T Temperature K, ◦C 
P Electrical power MW 
Q̇ Heat flow MW 
H Enthalpy flow MW 
S System unit maximum capacity  
p Pressure kPa 
d Diameter m 
b Binary selection variable  
y Binary existence variable  
n Integer decision variable  
C Costs € 

Coefficients and parameters 
a Annuity factor  
n Amount  
c Cost parameter €, €/t, €/kNm3, 

etc. 
K Equation coefficient  
h Specific enthalpy MJ/kg 
η Efficiency  
M Big-M coefficient  
λ Hydrogen input rate  

Subscripts 
inv Investment  
oper Operation and maintenance  
BF Blast furnace  
HS Hot stoves  
SF Shaft furnace  
EAF Electric arc furnace  
CHP Combined heat and power  
PP Pellet plant  
CDQ Coke dry quenching  
Pel Pellets  
Pc Pulverized coal  
Hm Hot metal  
DRI Direct reduced iron  
Ls Liquid steel  
lng Liquefied natural gas  
El Electricity  
BFG Blast furnace top gas  
SFG Shaft furnace top gas  
H2recyc Hydrogen recycling in shaft furnace  
hp High pressure steam  
mp Medium pressure steam  
Lp Low pressure steam  
Dh District heat  
i Index for system units  
s Index for size options  
t Index for time periods  
T, I, S denote sets of time periods, system units, and size 

options   

2. Model description 

This section describes the developed optimization model, presenting 
the objective function and constraints that govern model performance. 
An integrated steel plant comprises different units contributing to the 
process of transforming the iron present in iron ore or pellets into steel 
products. At the start of the considered time horizon, the system consists 
of the following (main) units: coke plant (CP), air separation unit (ASU), 
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blast furnace (BF) with hot stoves (HS), basic oxygen furnace (BOF), 
combined heat and power plant (CHP), continuous casting (CC) and 
rolling mill (RM). Possible new units considered in the transformation to 
hydrogen-based reduction are: pellet plant (PP), electrolysis unit (EL), 
shaft furnace (SF) and electric arc furnace (EAF). Fig. 1 shows a sche-
matic of system units and Fig. 8 in Section 3 shows related in- and 
outputs. 

The model is formulated and solved as a mixed-integer non-linear 
programming (MINLP) problem, searching for optimal values for a set of 

continuous, integer, and binary variables to minimize an objective 
function expressing the costs of transition from the present state to a 
final state, with potential structural changes in the plant setup at discrete 
intermediate points (Fig. 2). Variable values are constrained by pre- 
defined constraints representing physical, practical and logical re-
lations describing the steelworks during a transition period. 

2.1. Objective function 

The objective function sums either accumulated costs or accumu-
lated CO2 emissions over the selected time horizon. Costs can be related 
to investment decisions or to the operation of the system and its units, 
giving the objective the form 

min C=Cinv + Coper (1)  

where investment costs are the sum of accumulated investment costs for 
each new system unit. For a pellet plant and electrolyzers, investment 
costs are linearly related to their capacities, written in the form (here for 
the pellet plant) 

Cinv,PP =
∑

t∈T
a × nap × cinv,PP,t × SPP,t (2)  

where t is the index for time periods, a is an annuity factor, nap is the 
number of years each time period spans, cinv,PP,t is a capacity-dependent 
cost parameter and SPP,t is the capacity present in time period t. In-
vestment costs for electrolyzers follow an equivalent equation. 

Shaft furnaces and EAFs have discrete capacity options, so their in-
vestment costs have the form (here for the shaft furnace) 

Cinv,SF =
∑

i∈ISF

∑

t∈T

∑

s∈SSF

a × nap × cinv,SF,s,t × bSF,i,s,t (3)  

where i is the index for system units (in this case shaft furnaces in the set 
ISF), s is the index for size options and bSF,i,s,t is then a binary variable 
designating the selection of size s for shaft furnace i in time period t. 
Costs for EAFs follow a similar equation, but binary variables are 

Fig. 1. Simplified schematic overview of the main process units in the steel plant model. A more comprehensive schematic of unit in- and outputs as used in this work 
is presented in Fig. 8 in Section 3. 

Fig. 2. Schematic example of gradual transition from an initial state to a final 
state of an integrated steel plant when optimizing investment decisions over a 
time horizon. Dotted lines around a unit signify a new investment. Detailed 
example cases are presented in Section 3. 
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replaced with integer variables representing how many furnaces of each 
size are built. 

Blast furnace relining is controlled with binary variables and related 
costs are formulated as 

Cinv,BF =
∑

i∈IBF

∑

t∈T
a×

(
np − t+ 1

)
× nap × cinv,BF,s,t × bBFrelin,i,t (4)  

where bBFrelin,i,t is a binary variable designating whether blast furnace i 
has undergone relining in time step t. 

Operational costs relate to how the system is functioning in each time 
step to ensure required steel production rates. Each material flow into 
the system has a cost coefficient, as listed in Table 5 in Section 3. Costs 
are also placed on electricity, CO2 emissions, hydrogen recycling in shaft 
furnaces and operation of EAFs. Possible profits from selling system 
outputs such as coke, oxygen and district heat can also be subtracted 
from the operational costs. Operational costs over the time horizon are 
summed as 

Coper =
∑

t∈T
nap

(
Cpel,t +Ccoal,t +Ccoke,t +Clime,t +Cscrap,t +Cpc,t

+Clng,t +CO2 ,t +Cel,t +CH2recyc,t +Coper,EAF,t +CCO2 ,t − Csell,t
) (5)  

2.2. Constraints 

Most of the model constraints represent relations between different 

mass and energy flows in and out of the system units, mostly either as 
simple linear relations, or as surrogate models of more detailed and 
complex models. Except where stated otherwise, these models are 
similar to those used in Refs. [17–20]. 

2.2.1. Blast furnaces 
Blast furnaces are counter-current reactors in which coke and iron- 

bearing materials are charged at the top and (possibly oxygen- 
enriched) hot air, called blast, as well as auxiliary reductants, such as 
pulverized coal, are injected in the lower part. The iron ore is reduced 
and finally melted as it descends and is tapped at the bottom as molten 
iron, called hot metal, along with slag, which holds the liquid by- 
products. Gases formed in the reactions leave the furnace at the top 
and are combusted to recover heat in the hot stoves, the coke plant and 
the CHP plant. A two-zone model of the blast furnace process originally 
developed by Pettersson and Saxén [17] has earlier been used to opti-
mize the operation of integrated steelworks [18]. This model is in the 
present work used as a basis for the surrogate model which was built by 
regression. The reader is referred to Helle [18] for a detailed treatment 
of the blast furnace model. Other studies have also treated different 
possible modes of operation included in the model, such as top gas 
recycling [19] and DRI use [20]. 

Fig. 3 shows regression model in- and output variables. Note that DRI 
can be used as a burden material in blast furnaces, e.g., to enhance the 
production rate or if EAF capacity is limited. Relations between in- and 
output variables are linear except for the expressions for top gas and 

Table 1 
Blast furnace variable ranges for calculating regression model data points.  

Variable Min. value Max. value 

Hot metal output 50 t/h 180 t/h 
Pulverized coal input 0 kg/thm 250 kg/thm 

Blast oxygen rate 21 % 43 % 
Blast temperature 800 ◦C 1200 ◦C 
DRI input 0 kg/thm 500 kg/thm  

Table 2 
Variable limits used for blast furnace operation.  

Variable Min. value Max. value 

Top gas temperature 115 ◦C 250 ◦C 
Flame temperature 1850 ◦C 2300 ◦C 
Blast oxygen rate 21 % 35 % 
Blast temperature 800 ◦C 1200 ◦C 
Hot metal output 80 t/h 160 t/h  

Table 3 
Shaft furnace variable ranges for calculating regression model data points.  

Variable Min. value Max. value 

Pellet input 50 t/h 300 t/h 
Hydrogen input 1600 Nm3/tpel 1900 Nm3/tpel 

Furnace diameter 3.5 m 5 m 
Pellet iron content 64 % 67 % 
Hydrogen temperature 1100 ◦C 1200 ◦C  

Table 4 
Example data points of the shaft furnace regression model.  

Inputs Outputs 

ṁpel [t/h] V̇H2 [Nm3/tpel] dSF [m] xFe [− ] TH2 [◦C] ṁDRI [t/h] xSF [− ] TSFG [◦C] xH2,SFG [− ] pH2 [kPa] 

250 1600 4.5 0.65 1150 164.1 0.867 596.7 0.511 279.2 
300 1600 4.5 0.65 1150 196.8 0.865 589.4 0.519 314.6 
250 1900 4.5 0.65 1150 181.5 1.000 676.7 0.520 302.1 
250 1600 5 0.65 1150 165.4 0.870 595.5 0.508 253.7 
250 1600 4.5 0.67 1150 166.2 0.833 593.2 0.514 280.7 
250 1600 4.5 0.65 1200 170.4 0.971 623.3 0.475 280.2  

Table 5 
Operational cost parameters used in the examples.  

Parameter Cost 

Iron ore 80 €/t 
Blast furnace pellets 120 €/t 
Shaft furnace pellets 140 €/t 
Coal 180 €/t 
Coke 400 €/t 
Pulverized coal 220 €/t 
Limestone 30 €/t 
LNG 200 €/MWh 
DRI 350 €/t 
Steel scrap 300 €/t 
Oxygen 50 €/kNm3  

Table 6 
Investment cost parameters used in the examples.  

Parameter Cost 

Electrolyzer 0.4 M€/MW capacity 
Pellet plant 1.1 M€/(t/h) capacity 
Shaft furnace 150 t/h capacity 300 M€ 
200 t/h capacity 360 M€ 
250 t/h capacity 400 M€ 
EAF 150 t/h capacity 150 M€ 
200 t/h capacity 180 M€ 
250 t/h capacity 200 M€ 
Blast furnace refurbishing 200 M€  
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flame temperatures, which use quadratic relations. To estimate the 
regression model coefficients, 100 000 data points were generated 
running the original model with variable value ranges reported in 
Table 1. Out of these, 15 052 had output values within set variable 
feasibility limits and were used to determine regression model co-
efficients. Most R2-values for the resulting approximations were above 
0.95, but linear approximations for flame and top gas temperatures had 
R2-values below 0.8, so these were additionally approximated with 
quadratic functions, giving R2-values above 0.95. Fig. 4 shows three 
examples of acceptable linear approximation fits, with coke input and 
top gas CO content fitting very well. The top gas volume shows over-
estimated values in both extremes, but the regression is performed over 
a wider interval of input values for the hot metal and blast oxygen rates 
than the optimization model will allow. Within variable limits of the 
optimization model, the regression model is deemed to be adequate. 
Fig. 5 shows both the excessively widespread linear approximation fits 
of the top gas and flame temperatures, and the better quadratic 
approximation fits. 

In addition to the variables above, scrap input, required steam input 
and district heat output are defined as proportional to hot metal output. 
E.g., in the example cases in this article the value 20 kg/thm was used for 
the scrap rate. Along with these relations between inputs and outputs, 
constraints ensuring proper function of the blast furnace model are 
defined. While existence of blast furnace i in time step t is represented by 
binary variables yi,t, binary variables bi,t tell whether blast furnaces are 
in use in a time period or not. These variables are used, e.g., to define a 
minimum hot metal output in the case a blast furnace is in operation as 

ṁhm,i,t ≥ bi,t ṁhm,BF,max i ∈ IBF, t ∈ T (6)  

bi,t ≤ yi,t i ∈ IBF, t ∈ T (7)  

Generally, blast furnace variable limits, as listed in Table 2, are imple-
mented as constraints that are active only if the blast furnace is in 
operation, using binary variables bi,t. 

2.2.2. Hot stoves 
Air and possible added oxygen injected into blast furnaces are pre- 

heated using blast furnace gas in sets of regenerative heat exchangers 
called hot stoves. Air and oxygen are compressed and blown through the 
hot stoves before being led to the blast furnace tuyeres. The original 
blast furnace model also includes hot stoves models, from which re-
lations for compressor electricity demand, heat transfer in the stove, hot 
gas temperature and blast furnace gas demand were simplified through 
linear regression, resulting in the following constraints for each set of 
stoves: 

PHS,i,t =KHS,P,airV̇air,i,t i ∈ IHS, t ∈ T (8)  

Q̇HS,i,t =KHS,Q,0yi,t + KHS,Q,1V̇air,i,t + KHS,Q,2Tblast i ∈ IHS, t ∈ T (9)  

Tgas,HS,i,t =KHS,T,0yi,t + KHS,T,1V̇air,i,t + KHS,T,2Tblast,i,t + KHS,T,3Q̇HS,i,t

+ KHS,T,4xCO,i,t + KHS,T,5xCO2 ,i,t + KHS,T,6xN2 ,i,t i

∈ IHS, t ∈ T (10)  

V̇BFG,HS,i,t =KHS,V,0yi,t + KHS,T,1V̇air,i,t + KHS,T,2Tblast,i,t + KHS,T,3Q̇HS,i,t

+ KHS,T,4xCO,i,t + KHS,T,5xCO2 ,i,t + KHS,T,6xN2 ,i,t + KHS,T,7Tgas,HS,i,t i

∈ IHS, t ∈ T (11) 

Additionally, the blast oxygen content is described with the non- 
linear constraint 

Fig. 3. Blast furnace regression model inputs and outputs.  

Fig. 4. Examples of linear regression fits of different blast furnace model variables. Values on x-axes are from the original model and y-axes hold corresponding 
estimates from the linearized models. R2-values from left to right are 0.99, 0.99 and 0.97. 
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xO2 ,i,t V̇blast,i,t = V̇O2 ,i,t + 0.21V̇air,i,t i ∈ IHS, t ∈ T (12)  

2.2.3. Combined heat and power plant 
The CHP plant as part of a steel plant model is based on descriptions 

by Pikkuaho [21]. The model mainly relates inputs of energy as fuels and 
process gases to outputs of heat, electricity and steam. Possible inputs in 
the present model setup are coke oven gas, blast furnace gas, basic ox-
ygen furnace gas and LNG. Additionally, the power plant gets a steam 
input from coke dry quenching in the coke plant. Process steam for the 
steelworks can be tapped from the power plant turbine at high, medium 
or low pressures. The energy available for use is 

Q̇tot,t = ĖCHP,in,t − 0.9V̇flue,i,thflue t ∈ T (13)  

where the value for the flue gas specific enthalpy hflue is approximated 
from output data from the steelworks model by Helle [18] as 0.27 
MJ/kNm3. The total mass of available steam is then calculated as 

ṁsteam,t =
Q̇tot,t + HCDQ,t

hhp − h0
t ∈ T (14)  

where hhp = 3.46MJ/kg is the specific enthalpy of steam at 525 ◦C and 
82 bar and h0 = 0.21MJ/kg is the specific enthalpy of outlet water at 
50 ◦C and 0.2 bar. Blast furnaces, the basic oxygen furnace and rolling 
mills have steam requirements depending on their output rates, and 
these must be covered in the model. Half of the total steam requirement 
is assumed to be high-pressure steam, and half is medium-pressure 
steam. The power output is the sum of power taken at the three 

pressure levels 

PCHP,tot,t = η
(
Php,t +Pmp,t +Plp,t

)
t ∈ T (15)  

Php,t = ṁsteam,t
(
hhp − hmp

)
t ∈ T (16)  

ṁsteam,mp,t = ṁsteam,t − 0.5ṁsteam,req,t t ∈ T (17)  

Pmp,t = ṁsteam,mp,t
(
hmp − hlp

)
t ∈ T (18)  

ṁsteam,lp,t = ṁsteam,mp,t − 0.5ṁsteam,req,t − ṁsteam,dh,t t ∈ T (19)  

Plp,t = ṁsteam,lp,t
(
hlp − hout

)
t ∈ T (20)  

where η is the overall efficiency, ṁsteam,req,t is the total steam require-
ment at the steelworks and ṁsteam,dh,t is steam used to provide district 
heat. A binary variable bCHP,t indicates whether the CHP plant is in use in 
a time step. If it is operating, the total flow of steam ṁsteam,t needs to be 
between 40 kg/s and 110 kg/s for the turbine to function reliably. 

2.2.4. Air separation units 
Air separation units produce pure oxygen from air through cryogenic 

separation, which requires electricity. These are simply modelled by a 
linear relation between the oxygen output and the required amount of 
electricity, e.g., 0.426 MW per every kNm3/h increase in oxygen output 
as used in the example cases in this article. 

Fig. 5. Regression model fits for the top gas and flame temperatures. Figures on the left show the linear fits (R2-values 0.84 and 0.87) and figures on the right show 
the improved quadratic fits (R2-values 0.99 and 0.99). 
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2.2.5. Basic oxygen furnace 
In the BF-BOF route, basic oxygen furnaces primarily convert hot 

metal to liquid steel. To some extent, hot metal can be replaced by a cold 
charge of scrap and/or DRI [22]. In this model, it is assumed that this 
cold charge can be maximally 25 % of the hot metal charge. A rate for 
the conversion of hot metal is calculated from a carbon balance as 

xls =
(
1 − XBOF,loss

)1 − XC,hm

1 − XC,ls
(21)  

where XBOF,loss is an assumed loss in the process, with XC,hm and XC,ls 

being the carbon content of the hot metal and liquid steel, respectively. 
Scrap and DRI are assumed to be fully converted to liquid steel. With 
another conversion loss in continuous casting XCC,loss, the output of steel 
slabs is calculated as 

ṁslab,t =
(
1 − XCC,loss

)(
xlsṁhm,t + ṁscrap,t + ṁDRI,t

)
t ∈ T (22) 

Oxygen input rates and gas output rates are expressed as linear 
functions of iron inputs, while lime and steam input rates, electricity 
demand, and heat output for district heat are linear functions of the steel 
output. 

2.2.6. Coke plant 
Coke for the blast furnaces can be from a coke plant at the steelworks 

or externally bought. Coke and coke oven gas outputs are linear func-
tions of coal input. The coke ovens use blast furnace gas as an energy 
source and the required gas input is also a linear function of the coke 
output, as is electricity demand and steam output from coke dry 

quenching. Coke from the coke plant can also be sold outside the system, 
the profits of which may be subtracted from total system operational 
costs if it is considered in an analysis. 

2.2.7. Rolling mills 
After continuous casting, the steel is processed in rolling mills. A pre- 

specified rate of material loss XRM,loss is assumed at this stage. The pro-
cess uses coke oven gas and/or LNG as an energy source, modelled as a 
linear function of the steel output. The process also requires electricity, 
steam and oxygen, and outputs heat for district heating and scrap that 
can be reused on site. 

2.2.8. Electrolyzers 
The transition to hydrogen-based reduction of iron requires a source 

of hydrogen. This model gives the option of investing in electrolysis 
units at the steelworks. Modelling-wise, the most important parameter is 
the efficiency, i.e., the electricity needed per volume unit of hydrogen 
produced. Values reported for this parameter have been, e.g., 4.1 MWh/ 
kNm3 [9] and 4.2–4.8 MWh/kNm3 [23] for commercial alkaline elec-
trolyzers. Part of the by-product oxygen can also be utilized at the 
steelworks or exported outside the system. Large amounts of heat at 
temperatures around 70 ◦C are also generated in the electrolysis process 
[24], but this heat is not considered in the present model. 

2.2.9. Pellet plant 
It is assumed that iron pellets for the DR process need to be of a 

different quality than pellets used in blast furnaces. Shaft furnace pellets 
can either be externally bought or produced in a pellet plant which is 

Fig. 6. Inputs and outputs of the shaft furnace regression model.  

Fig. 7. Examples of regression model fits of different shaft furnace model variables. Values on x-axes are from the original model and y-axes hold corresponding 
estimates from the regression models. Top gas temperature and gas injection pressure models are linear, and the top gas hydrogen content model is quadratic. R2- 
values from left to right are 0.90, 0.94 and 0.93. 
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among the new possible investments in the model. The pellet plant 
model follows linear relations between pellet output and iron ore, coal 
and electricity requirements. It is also assumed that only one pellet plant 
can be built within the time horizon. Plant capacity is thus set once it has 
been built, by the constraint 

SPP,t ≤ SPP,t− 1 + SPP,max

(
1 − yPP,t− 1

)
t>1 (23)  

2.2.10. Shaft furnaces 
In the H2-SF route the hydrogen-based reduction of iron takes place 

in shaft furnaces where pellets are charged at the top and hydrogen gas 
enters in the lower part. The reduced iron is extracted at the bottom 
while top gas largely consisting of water and unreacted hydrogen exits at 
the top. Shao et al. [8] have studied the process with a one-dimensional 
model that considers the heat and mass transfer and main chemical re-
actions occurring in the furnace. Using data from this model as a base, a 
regression model was created similarly as with the blast furnace model. 
In- and output variables for the regression model are shown in Fig. 6. 
Input variable values were distributed between the intervals in Table 3 
to create 5760 data points, of which 4933 had metallization rates above 
0.85, which was chosen as a lower limit as a certain level of metalliza-
tion is needed for further processing in the EAF [8]. These feasible data 
points were used to approximate relations between input and output 
variables, with linear functions for the DRI input, top gas temperature 
and gas injection pressure, and quadratic functions for the metallization 
degree and top gas hydrogen content. Fig. 7 shows examples of regres-
sion model fits and Table 4 shows some example regression data points, 
altering the input variable values one at a time. 

As the metallization degree cannot exceed 100 %, an additional bi-
nary variable bx designates whether the regression function exceeds 1, 
keeping the value within the limit with the equations 

xSF,calc,i,t ≤1 + Mbx,i,t i ∈ ISF, t ∈ T (24)  

xSF,i,t ≤ xSF,calc,i,t + Mbx,i,t i ∈ ISF, t ∈ T (25)  

xSF,i,t ≥ xSF,calc,i,t − Mbx,i,t i ∈ ISF, t ∈ T (26)  

xSF,i,t ≤1+M
(
1 − bx,i,t

)
i∈ ISF, t ∈ T (27)  

xSF,i,t ≥1 − M
(
1 − bx,i,t

)
i∈ ISF, t ∈ T (28)  

bx,i,t ≤ yi,t i ∈ ISF, t ∈ T (29)  

where xSF,calc,i,t is the value for the metallization degree from the 
regression model and xSF,i,t is the value used in the optimization model. 

Shaft furnace diameters represent furnace dimensions overall. When 
calculating data points for the regression model, the furnace height was 
also varied in proportion with the diameter. This simplified treatment of 
furnace scaling differs from a more detailed scale-up, but was deemed 
adequate for this regression model. With development of more detailed 
shaft furnace models, also the regression model variables need to be 
reconsidered. Furnace geometry is to remain unchanged once a furnace 
is built, which is ensured with the constrains 

di,t ≤ di,t− 1 + dSF,max

(
1 − yi,t− 1

)
i ∈ ISF, t>1 (30)  

di,t ≥ di,t− 1 − dSF,max

(
1 − yi,t− 1

)
i ∈ ISF, t>1 (31) 

Additional variables are used to allow situations where a shaft 
furnace has been built but is not in use. 

Studies by Shao et al. [8] indicate that shaft furnace top gas can 
contain large amounts of unreacted hydrogen that should preferably be 

Fig. 8. In- and outputs of system units in the model. Inputs are above the units and outputs below. Abbreviations: EXT, IN – External imports; CHP – Combined heat 
and power plant; ASU – Air separation unit; CP – Coke plant; HS – Hot stoves; BF – Blast furnace; BOF – Basic oxygen furnace; LT, CC, RM – Ladle treatment, 
continuous casting and rolling mills; PP – Pellet plant; ELY – Electrolyzer; SF – Shaft furnace; EAF – Electric arc furnace. 
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recycled, and top gas recycling is also assumed, e.g., in studies by Vogl 
et al. [9] and Li et al. [25]. In the present model, rates of recycled and 
fresh hydrogen are constrained by the equations 

V̇H2 ,i,t + V̇H2 ,recyc,i,t ≥ λminVH2 ,minṁDRI,i,t i ∈ ISF, t ∈ T (32)  

V̇H2 ,i,t ≥ λmin,freshVH2 ,minṁDRI,i,t i ∈ ISF, t ∈ T (33)  

V̇H2 ,recyc,i,t ≤Xrecyc,maxxH2 ,SFG,i,t
(
V̇H2 ,i,t + V̇H2 ,recyc,i,t

)
i∈ ISF, t ∈ T (34)  

where λmin expresses the amount of hydrogen required for the process, 
with λmin = 1 giving the value VH2 ,min, which is the theoretically mini-
mum amount required per ton DRI produced. In the regression model 
data points, the smallest values for λmin were about 3.6, so this value was 
used in the optimization model. The smallest rate of hydrogen that needs 
to be fresh hydrogen, λmin,fresh, was set to be 1.5, based on the required 
hydrogen rate used by Vogl et al. [9]. The maximum rate of hydrogen 
recyclable from the top gas was given the value Xrecyc,max = 0.9. A cost is 
placed on recycling hydrogen, reflecting costs of top gas processing. 
Heating of the hydrogen to the desired injection temperature TH2 re-
quires energy, which is here treated as an additional electricity 
requirement. 

Shaft furnace capacities are selected from discrete options. In the 
optimization cases in this paper maximum DRI output options were 150 
t/h, 200 t/h or 250 t/h, for which three binary variables bsmall, bmedium 
and blarge were designated for each possible shaft furnace. One size op-
tion is chosen for each built shaft furnace with the constraint 

bsmall,i,t + bmedium,i,t + blarge,i,t ≤ yi,t i ∈ ISF, t ∈ T (35)  

and the corresponding maximum capacity is ensured with the con-
straints 

Smax,i,t = Ssmall,SFbsmall,i,t + Smedium,SFbmedium,i,t + Slarge,SFblarge,i,t i ∈ ISF, t ∈ T
(36)  

ṁDRI,i,t ≤ Smax,i,t i ∈ ISF, t ∈ T (37) 

Shaft furnace electricity requirements are calculated as a linear 
function of DRI output and hydrogen gas input temperature. 

2.2.11. Electric arc furnaces 
EAFs commonly melt recycled steel scrap, but in the H2-SF route 

they are also fed DRI from shaft furnaces. Effects of different DRI-to- 
scrap ratios in EAFs have been studied by Kirschen et al. [26]. In the 
present model, the ratio of DRI per the total input is defined as a variable 
xDRI,t, determined by the constraint 

xDRI,tṁDRI,t + xDRI,tṁscrap,t − ṁDRI,t = 0 t ∈ T (38)  

This ratio affects the electricity requirement and metal yield of the 
furnaces according to 

Pt =
(
K0,P +K1,PxDRI,t

)
ṁls,t t ∈ T (39)  

ṁls,t =
(
K0,x +K1,xxDRI,t

)(
ṁDRI,t + ṁscrap,t

)
t ∈ T (40) 

Carbon, lime and oxygen are usually added to achieve desired 
properties of steel and slag in the EAF [27]. A more detailed mass bal-
ance presented by Hay et al. [27] also considers inputs representing 
electrode consumption, furnace refractory and a small amount of natural 
gas injection, but these are not considered in the present model due to 
their relatively small quantities. In the model, flow rates of carbon, lime 
and oxygen are proportional to the output of liquid steel and part of the 
excess heat from a furnace can be used for district heating or to produce 
process steam. 

As with shaft furnaces, three maximum capacity options are given for 
EAFs: 150 t/h, 200 t/h and 250 t/h. Integer variables represent how 
many of each size are built. EAFs are treated as one unit, the capacity of 

which is expressed as 

ṁls,t ≤ Ssmall,EAFnsmall,t + Smedium,EAFnmedium,t + Slarge,EAFnlarge,t t ∈ T (41)  

2.3. CO2 emissions 

Accumulated system CO2 emissions are evaluated for the optimiza-
tion time horizon. First, a carbon balance is considered, with any carbon 
entering and not exiting the system as part of steel or exported coke 
assumed to contribute to direct CO2 emissions [18]. A cost is placed on 
these emissions, in line with existing carbon credit markets. Addition-
ally, when minimizing emissions, indirect upstream emissions related 
to, e.g., electricity from the grid are included in the objective function to 
account for emissions caused by decisions made in the solutions and to 
have a fair comparison of the different options and input parameters. 

2.4. Model implementation 

The described model was programmed in Python using the Pyomo 
optimization modelling framework [28] as a mixed-integer quadrati-
cally constrained programming problem solved with Gurobi 10.0 [29]. 
Most of the problem instances were solved quickly on a laptop computer 
with a 2.7 GHz Dual-Core Intel Core i5 processor and 8 GB RAM, with 
solution times usually between a few seconds to a few minutes, as long as 
the number of time periods was five or less. Increasing the time steps 
greatly increases the required computational time and solving the model 
with more than seven time periods seems unfeasibly time consuming in 
its current formulation. This necessitates balancing the time resolution 
and the length of the optimized timeframe when planning optimization 
cases and can make it difficult to identify optimal solutions in situations 
where short investment intervals would be beneficial. The examples in 
the next section were calculated with five time periods, each repre-
senting five years, giving a total time horizon of 25 years. 

3. Example cases 

To demonstrate the model, three example cases and their solutions 
are next described. The cases involve an integrated steel plant, initially 
with two blast furnaces and a basic oxygen furnace. The steel plant has 
been in operation for decades, and currently one blast furnace is planned 
for relining or decommissioning in 10 years, and the other in 20 years. 
All other units are taken to have a life length of 25 years or more. Pro-
cesses are integrated, with process gases being utilized across different 
units as an energy source. Fig. 8 presents a schematic of units with their 
in- and outputs, where the upper row are the existing ones and the 
bottom row represents new possible unit processes. The steel plant is 
expected to produce steel at a rate of 260 t/h, and this is kept constant 
throughout the time horizon. 

The three cases optimize projected future investments and operation 
of the example steel plant with three different assumptions to compare 
how constraints and parameter values affect optimal system configura-
tions. In Case 1, transition to the H2-DR route is enforced by not giving 
the option of relining the blast furnaces or importing scrap for the EAFs. 
This represents a situation where the future strategy has already been 
decided but the path of implementing it during upcoming years has not 
yet been decided. In Case 2, the alternatives of blast furnace relining and 
importing scrap for EAF operation are added. In contrast with Case 1, a 
future strategy has not been decided, and it might include any mix of BF- 
BOF, H2-DR or EAFs charged with recycled scrap. Case 3 again enforces 
transition to the H2-DR route as in Case 1, but test how higher costs on 
CO2 emissions affect the optimization outcome. 

Table 5 lists operational cost parameters in the example cases: cost 
parameters were selected based on a comparison between values pre-
sented by Helle [18], OECD [30], Bhaskar et al. [10] and Vogl et al. [9], 
considering the fluctuations in raw material costs presented by OECD 
[30]. Shaft furnace pellet costs were estimated as slightly higher than 
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blast furnace pellets. Electrolyzer investment costs are based on IRENA 
[31], selecting a value between cost estimates for 2020 and 2050. 
Additionally, operating costs were placed on hydrogen recycling in the 
shaft furnace (10 €/kNm3) and EAF operation (8 €/tsteel). Costs were also 
assigned to CO2 emissions, defined as 80 €/tCO2 in Cases 1 and 2, and 
150 €/tCO2 in Case 3. Profits from selling coke, oxygen and district heat 
from the steelworks were not included in these case studies. Raw ma-
terial prices can vary greatly over time [30], and uncertainties in costs 
over a longer time horizon should be considered in more thorough an-
alyses but were left out in these simple examples. 

Electrolyzer efficiency was fixed at 4.1 MWh/kNm3, although, e.g., 
Vartiainen et al. [32] assume a steady annual increase in efficiency. 

Electrolyzer investments were considered to include small storage ca-
pacities of produced hydrogen, but not large storage allowing for dy-
namic operation. 

For the sake of demonstrating model functionality, the costs were 
kept constant in the example cases. In reality, costs would vary from case 
to case and over the time horizon. A more thorough analysis, beyond the 
scope of this article, would consider different projections and ranges of 
cost and technology developments, which can easily be implemented in 
the model by adjusting the parameters. 

With the described cost structure, the system was optimized for a 
time horizon of 25 years, with investment decisions possible every 5 
years. 

Fig. 9. Evolution of operational costs when minimizing accumulated costs in Case 1.  

Fig. 10. Evolution of specific emissions when minimizing accumulated costs in Case 1.  
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3.1. Grid emission intensities 

Grid emission intensities were varied to compare emissions from the 
BF-BOF route and the electricity-intensive H2-SF route. Assuming 100 % 
DRI charge to EAFs and minimizing total accumulated system emissions 
for the time horizon, model solutions favored quick transition to the H2- 
SF route when grid emission intensities were below about 0.2 tCO2/ 
MWh. Values between 0.2 and 0.3 tCO2/MWh gave solutions featuring 
both routes, and above 0.3 tCO2/MWh solutions completely favored the 
BF-BOF route. Thus, the break-even suggested here is considerably 
lower than the value 0.532 tCO2/MWh suggested by Vogl et al. [9]. 

In the example cases presented below, grid emission intensities were 
kept constant at 0.089 tCO2/MWh, an average value reported for Finnish 
grid electricity in 2018–2022 [33], although these emissions could 

decrease during upcoming years. Electricity costs were varied between 
20 and 70 €/MWh to see how this affects the solutions. 

3.2. Case 1 – forced transition 

First, total accumulated costs were minimized for a scenario where a 
forced transition to the H2-DR route was imposed by banning blast 
furnace relining and scrap inputs to EAFs. Thus, one of the blast furnaces 
must be blown out after ten years, i.e., two sub-periods. This resulted in 
the evolution of operational costs and specific emissions shown in Figs. 9 
and 10. Reported emissions values include emissions from the processes 
at the steel plant as well as upstream emissions related to raw materials 
and electricity. Emissions related to steel scrap bought from the market 
were based on Van der Voet et al. [34]. Investment costs in the different 
solutions varied from 6 % of the total costs with 70 €/MWh electricity 
cost to 15.6 % of total costs with 20 €/MWh. A breakdown of total 
accumulated costs over the modelled time horizon is shown in Fig. 12 
(see Table 6). 

Initially, in the first time period, all the steel is produced via the BF- 
BOF route, with operational costs of 491 €/tsteel and specific emissions of 
1.90 tCO2/tsteel. These specific emissions largely agree with values re-
ported by, e.g., Perpiñán et al. [35] and the World Steel Association 
[36]. Recent prices for flat steel products have ranged from about 500 
USD/t in 2016 to about 1000 USD/t in 2022 [30]. For electricity costs of 
50 €/MWh or above, operational costs are increasing, while they are 
decreasing with lower electricity costs. This is in line with results of, e.g., 
Vogl et al. [9] who estimated that the H2-DR route could be competitive 
with the BF-BOF route with electricity prices of 40 €/MWh or lower. 
Changes in costs and emissions in each time period are directly related to 
changes in system configuration towards the H2-DR route. Most solu-
tions end at the same configuration, where the two blast furnaces 
eventually are replaced with two shaft furnaces, with capacities 200 t/h 
and 150 t/h, and two EAFs, also 200 t/h and 150 t/h. The only exception 
is the solution for 20 €/MWh electricity cost, which manages with two 
150 t/h EAFs. System operation may also differ between similar solu-
tions, as, e.g., the solution with 30 €/MWh features a DRI input to the 
blast furnace in time periods 3 and 4. Carbon intensity of the steel in 
time step 5 is 0.78 tCO2/tsteel. An example of how the system configu-
ration develops with electricity costs 40 €/MWh is given in Table 7. 
Additionally, the evolution of electricity used in the same example case 
solution is shown in Fig. 13. 

With electricity costs of 40 €/MWh or higher, one blast furnace is 
replaced with a shaft furnace and an EAF at the point of decommissioning 

Table 7 
Optimal system configuration in Case 1 for 40 €/MWh electricity cost. Top half 
of rows shows maximum capacities and hourly outputs, bottom half shows 
hourly outputs.  

Unit T1 T2 T3 T4 T5 

2 x 160 t/ 
h 
252 t/h 

2 x 160 t/ 
h 
252 t/h 

160 t/h 
95 t/h 

160 t/h 
95 t/h  

905 MW 
181 
kNm3/h 

905 MW 
181 
kNm3/h 

1451 MW 
290 kNm3/h 

200 t/h 
200 t/h 

200 t/h 
200 t/h 

200 + 150 
t/h 
321 t/h 

200 t/h 
172 t/h 

200 t/h 
172 t/h 

200 + 150 
t/h 
277 t/h 

444 t/h 
277 t/h 

444 t/h 
277 t/h 

444 t/h 
444 t/h 

277 t/h 277 t/h 104 t/h 104 t/h  

105 t/h 107 t/h 38 t/h 38 t/h  

83 MWel 69 MWel 43 MWel 43 MWel  

14 kNm3/ 
h 

12 kNm3/ 
h    

0   260 t/h 260 t/h 260 t/h 260 t/h 260 t/h  

Fig. 11. Evolution of hydrogen demand when minimizing accumulated costs in Case 1.  
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in the third period. With electricity costs of 30 €/MWh, one blast furnace is 
replaced with a shaft furnace and an EAF already in the second time 
period. With electricity costs of 20 €/MWh, both blast furnaces are 
replaced in the second time period, with two shaft furnaces and two EAFs. 
The solutions can be compared with a reference case in which steel pro-
duction continues solely with the BF-BOF route. With electricity costs of 70 
€/MWh, the solution of Case 1 features about 16 % higher accumulated 
costs and 20 % lower emissions than the reference case. With electricity 
costs of 20 €/MWh, the solution features about 15 % lower accumulated 
costs and 47 % lower emissions than the reference case. Feasibility 

regarding the transition time frame can partly be evaluated through the 
expected hydrogen demand (Fig. 11). Transitioning to the H2-DR route 
will in these cases eventually increase hydrogen demand from zero to 
nearly 24 000 kg/h, i.e., almost 210 000 t/a. In parallel, electricity demand 
increases from roughly 68 MW–1650 MW, and it is necessary to ask how 
quickly such an expansion could take place. As a crude estimate, if pro-
ducing 260 t/h steel requires 1650 MW grid electricity, replacing all the 
steel production within the European Union (approximately 140 Mt in 
2022 [37]) with this model solution would require roughly 100 GW 
additional grid electricity capacity. 

Fig. 12. Breakdown of total accumulated costs in Case 1.  

Fig. 13. Electricity sources and sinks in the Case 1 solution with 40 €/MWh electricity cost.  
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3.3. Case 2 – alternative options 

In a second test case, the model was given more freedom compared to 
Case 1, allowing blast furnace relining in periods 3 and 5 and scrap 
import up to 150 t/h for the EAF, as well as DRI imports. Resulting 
operational costs and specific emissions are shown in Figs. 14 and 15. 
Operational costs now decrease regardless of electricity costs as the 
option of charging an EAF with scrap reduces costs in all the solutions, 
despite relatively high prices assigned to scrap imports. Scrap imports 
constitute a major part of the total costs as seen in the total cost 
breakdown in Fig. 16. With electricity costs of 40–70 €/MWh, one blast 
furnace is replaced from the second time period onward with one EAF 

charged primarily with scrap, but also some imported DRI. In period 5, 
the remaining blast furnace is relined and continues operation. With 
electricity costs of 20–30 €/MWh, both blast furnaces are replaced in the 
second time period, with one shaft furnace and two EAFs charged with 
scrap and hydrogen-based DRI. This configuration reaches lower spe-
cific emissions than the solutions in Case 1, due to lower estimated 
emissions of recycling steel in an EAF compared with the H2-DR route 
with the assumed emissions from grid electricity. 

If the objective function is changed to minimizing accumulated 
emissions, solutions favor building EAFs charged with scrap and exter-
nally bought DRI, leading to a system with operational costs 446 €/tsteel 
and emissions of 0.61 tCO2/tsteel from the second time period onward 

Fig. 14. Evolution of operational costs when minimizing accumulated costs in Case 2.  

Fig. 15. Evolution of specific emissions when minimizing accumulated costs in Case 2.  
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when electricity costs are 70 €/MWh. This solution depends on the 
emissions estimates for the external DRI and grid electricity, which were 
0.4132 tCO2/tDRI and 0.089 tCO2/MWh. If emissions from electricity are 
decreased to 0.075 tCO2/MWh, solutions already favor construction of 
own shaft furnaces for DRI production, with operational costs 501 
€/tsteel and emissions of 0.57 tCO2/tsteel from the second time period 
onward. 

3.4. Case 3 – forced transition with higher emissions costs 

Case 3 has the same assumptions as Case 1, except with emissions 
costs increased to 150 €/tCO2. Operational costs and emissions in the 
solutions are shown in Figs. 17 and 18, and a total cost breakdown in 
Fig. 19. Comparing with Case 1, costs are generally higher, but only 
marginally in the solutions with lower electricity costs, as they quickly 

transition to system configurations with lower emissions. Higher emis-
sions costs also mean that transitioning to the H2-DR route lowers 
operational costs for electricity costs of 60 €/MWh or below compared 
with the BF-BOF route. Generally, costs after the transition are almost 
the same in Cases 1 and 3 in the final time step, as the system emissions 
are low at this point (see Fig. 20). 

A notable situation in these solutions is with electricity costs 60 
€/MWh, time steps 2–3. The configurations of this solution are shown in 
Table 8, along with electricity use in Fig. 21. Figs. 17 and 18 show how 
the system reaches lower costs and emissions in time step 2, with both 
blast furnaces in use, than in time step 3, when one blast furnace is 
decommisioned. The optimal solution opts for building a shaft furnace 
and EAF already in time step 2, and some shaft furnace DRI is fed to the 
blast furnaces, while the EAF is operated with part of its capacity. This 
creates a configuration with slighly lower emissions than that of time 

Fig. 16. Breakdown of total accumulated costs in Case 2.  

Fig. 17. Evolution of operational costs when minimizing accumulated costs in Case 3.  
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step 3, when one of the blast furnaces no longer can operate. 

4. Conclusions and future prospects 

This paper has presented an optimization model for analyzing steel 
plant transition towards hydrogen-based steel production. The idea is to 
have a general and modifiable system model applicable in a wide variety 
of initial situations with different plant configurations for analysis of 
operation and investment decisions during upcoming decades. This 
feature is important since steel plants show differences with respect to 
raw materials and energy sources used, plant configuration and inte-
gration with the surrounding environment, raw material and energy 
costs, and emission penalties. The modelling principle is deemed 
feasible, as the quadratic form of the model is such that modern solvers 
can solve most problem instances very effectively to global optimality. 
Simplified surrogate models of more complex blast furnace and shaft 

furnace models were favorably incorporated in the system optimization 
model and this method can be extended to other system units as well if 
detailed models are available. 

The example cases indicate that simple economic considerations 
favor use of EAFs and continued blast furnace use when electricity prices 
exceed 40 €/MWh, but the H2-SF route becomes competitive with lower 
electricity prices. Competitiveness of the H2-SF route is further sup-
ported if the emissions penalty is substantial. Regarding the extent of 
grid emission intensities affecting emissions from the H2-DR route, tests 
with the model suggest that grid emissions need to be less than around 
0.3 tCO2/MWh for the H2-DR route emissions to be lower than for 
corresponding production with the BF-BOF route. The modelling 
approach can flexibly be extended to evaluate a wide range of scenarios 
with different progressions of costs and other parameters over the 
selected time horizon. Varying parameter values, the modelling 
approach can be used to identify robust investment plans and system 

Fig. 18. Evolution of specific emissions when minimizing accumulated costs in Case 3.  

Fig. 19. Evolution of hydrogen demand when minimizing accumulated costs in Case 3.  
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configurations that utilize old and new system units efficiently. 
Regression models in the example cases have been computed for given 
raw material compositions and limited plant capacities, so imple-
mentations of the modelling approach may require re-evaluation of 
relevant regression model variables and recalculation of model param-
eters according to specific needs in each case. 

The general formulation of the system makes it possible to modify 
and add models of different units according to the modelled situation. 
Preferably, a more detailed EAF model could be implemented, possibly 
as another regression model that could consider varying flow rates of 
coal, lime and oxygen depending on EAF operation, and hot metal as an 
alternative feed. Larger hydrogen storage may be required at a steel 
plant with hydrogen production and should also be considered as an 
upcoming model addition. Shaft furnace models could be improved in 

several ways, e.g., with more detailed recycling modelling and alter-
natives for top gas utilization, options for different pellet qualities and 
for heating the input gas through combustion of gases from the process. 
Also, gas mixtures besides pure H2 could be considered in the reduction 
gas. Availability of operational data from pilot facilities may in the 
future greatly enhance the reliability of the shaft furnace models. 
Additionally, excess heat from electrolysis could be utilized externally, 
e.g., in greenhouses, or by boosting it to a higher temperature using heat 
pumps. 

Another relevant consideration is to include some dynamics 
regarding system operation during the time periods instead of assuming 
steady-state operation. This would increase the required computational 
efforts considerably, but they could still stay within reasonable limits as 
the model in its current form has short calculation times. 

Fig. 20. Total accumulated cost breakdown in Case 3.  

Table 8 
System configuration in Case 3 solutions with 60 €/MWh electricity cost. The top half shows maximum capacities and hourly outputs, while the bottom half only shows 
outputs.  

Unit T1 T2 T3 T4 T5 

2 x 160 t/h 
252 t/h 

2 x 160 t/h 
160 t/h 

160 t/h 
134 t/h 

160 t/h 
134 t/h  

678 MW 
136 kNm3/h 

678 MW 
136 kNm3/h 

678 MW 
136 kNm3/h 

1451 MW 
290 kNm3/h 

150 t/h 
150 t/h 

150 t/h 
150 t/h 

150 t/h 
150 t/h 

150 + 200 t/h 
321 t/h 

150 t/h 
101 

150 t/h 
129 t/h 

150 t/h 
129 t/h 

150 + 150 t/h 
277 t/h 

444 t/h 
208 t/h 

444 t/h 
208 t/h 

444 t/h 
208 t/h 

444 t/h 
444 t/h 

277 t/h 176 t/h 147 t/h 147 t/h  

105 t/h 51 t/h 57 t/h 57 t/h  

84 MWel 45 MWel 45 MWel 45 MWel  

14 kNm3/h     

0   
260 t/h 260 t/h 260 t/h 260 t/h 260 t/h  
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