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Abstract

Direct reduction of iron ore using hydrogen is a promising alternative to traditional coke-based reduction that could
greatly reduce CO, emissions from the steelmaking industry. In this alternative route, hydrogen and iron oxides react
in a shaft furnace to produce direct reduced iron that is further processed in electric arc furnaces into liquid steel.
The total process is greatly dependent on electricity, both for producing hydrogen and for operating the electric arc fur-
nace. When considering a possible transformation of a traditional steel plant to hydrogen-based direct reduction, there
are several open questions regarding appropriate configurations and dimensions of new units, scheduling of investments,
integrated operation of old and new units, etc. Furthermore, the entire transformation process could span several dec-
ades, during which market conditions may change substantially. To help planning such a transition, this paper presents a
steel plant optimization model that minimizes accumulated costs or emissions of investments and operation over a
selected time horizon, during which new units can be constructed and old units possibly be decommissioned. The
task is formulated as a mixed-integer quadratically constrained programming problem, with simplified regression models
of blast furnaces and shaft furnaces based on more detailed models. Model performance is illustrated with an example
case in which the possible transition of a steel plant with two blast furnaces that are expected to be decommissioned
within the next twenty years is analyzed, demonstrating that the model is a flexible planning tool for comparing and asses-
sing different future scenarios for decarbonizing the steel industry.
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Introduction carbon intensities of the available electricity. As a large
consumer of electricity, a hydrogen-based steel industry
would place large requirements on the wider energy
system.* Despite the challenges in implementation,
hydrogen-based steel production is considered an essential
part of the decarbonization of steel industry, playing an

With steel production being responsible for about 7% of
anthropogenic CO, emissions,' there is a clear demand
for decarbonization efforts in this industrial sector. About
70% of today’s steel production is through the blast
furnace-basic oxygen furnace (BF-BOF) route, in which important role in limiting global warming.

most of the emissions are due to the use of coke and coal Different projects regarding the decarbonization of steel
for the reduction of iron oxides. A promising alternative production are currently underway, with, e.g., the HYBRIT
route is based on reduction of the iron oxides in solid  project in Sweden,® H2Stahl in Germany,” and new instal-
state in shaft furnaces using hydrogen (referred to in this  Jations in Gijon in Spain® implementing hydrogen direct
paper as the H,DR route). The hydrogen in turn could be  reduction with the ambition to produce fossil-free steel.
produced via electrolysis using low-carbon or carbon-free Lopez et al® highlight the need to consider different
electricity, hence potentially reducing the emissions of
this route to a fraction of those of the BE-BOF route.”
The potential of the H,DR route has previously been
studied by comparing it with the BF-BOF route® and with .
direct reduction using natural gas.”> While the route presents Corresponding author: L ;
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options for the green steel supply chain apart from inte-
grated production at one site, with the possibility for
importing DRI produced at locations with lower H, produc-
tion costs for further processing in electric arc furnaces.

This paper presents a novel modelling approach for opti-
mizing investments and operation at a steel plant subjected
to a transition to hydrogen-based steelmaking. In the
approach, the steel plant is studied for a given time
horizon divided into subperiods, for which changes in the
plant setup and material and energy flows are allowed,
with the goal of optimizing the overall performance over
the time horizon. A similar approach has earlier success-
fully been applied to study the evolution of regional
energy systems towards carbon neutrality.'® The model
can be used for analyzing different possible configurations
at different stages of a transition and to evaluate possibil-
ities given different external circumstances and constraints.
Section 2 gives a brief overview of the underlying mathem-
atical model, Section 3 presents some example cases dem-
onstrating the model functionality, while the fourth and
final section concludes the paper with a discussion also pro-
posing future steps in model development.

Approach and models

Steel plant models

The overall system consists of simplified models of the
main unit processes in the steel plant in steady state interact-
ing with each other and the external world through flows of
materials and energy from/to the system. A schematic of the
system is shown in Figure 1: units included in the model are
blast furnaces (BF), hot stoves (HS), coke plants (CP), air
separation units (ASU), basic oxygen furnaces (BOF),
rolling mills (RM), combined heat and power plants
(CHP), pellet plants (PP), electrolyzers (EL), shaft furnaces
(SF) and electric arc furnaces (EAF). Continuous variables
in the model are flows of materials, gas, heat, steam and
electricity, while binary and integer variables represent
decisions and logical relations.

Since mixed integer nonlinear programming (MINLP)
problems easily become burdensome to solve, the level of
detail and mathematical simplicity have to be balanced in
the unit models. Most of the unit models are written as
linear models relating unit material outputs to required
material and energy inputs, but for more complex units
(e.g., blast and shaft furnaces) surrogate regression
models were developed. Therefore, models developed
earlier by the research group of blast furnaces and hot
stoves,“’12 and a one-dimensional DR shaft furnace
model proposed by Shao et al.'*> were applied to generate
a large number of feasible operation points, and these
were subsequently used in developing the surrogate
models. In- and output variables for this regression are
listed in Table 1 for the BF and DR shaft furnace model.
Note that these are in- and output variables to the regression
models, not the variables of the physical units. Most rela-
tions between regression in- and outputs are linear, but
some require quadratic relations to achieve sufficient

accuracy. Quadratic constraints were also required in the
EAF model to describe the relations between the ratio of
DRI to scrap in the charge as input and electricity use as
well as furnace yield as output.

In the present model formulation, the BF is charged with
burden that can consist of coke, lime, pellets, scrap and
DRI, while pulverized coal is injected in the (possibly)
oxygen-enriched hot blast. The DR furnace feed gas is
assumed to be pure hydrogen.® EAFs can be charged with
any combination of scrap or DRI, but the ratios affect the
yield and electricity demand of the furnaces. Blast furnace
gases can be utilized in the hot stoves, CHP and coke
plant, coke oven gas can be utilized in the CHP and post-
processing units (reheating furnace, cutting operation,
etc.), while BOF gas can be utilized in the CHP.

Optimization problem formulation

To evaluate investment options and operational conditions
over a long-term time horizon an MINLP model minimiz-
ing accumulated costs or emissions was formulated. A
detailed description of the base model is provided in
Haikarainen et al..'* The principal idea is to use a general-
ized optimization model for analyzing the entire time
horizon, from initial conditions through intermediate steps
to an end state, rather than to optimize a final configuration
without considering how reach it from the present state.
This approach is expected to give rise to solutions that
more realistically reflect the forthcoming gradual green
transition in the steel industry.

The considered time horizon is divided into a set of time
steps, each representing a predetermined number of years of
operation with the system configuration featured in that
step, as exemplified in Figure 2. At the beginning of each
subperiod, new investments can be realized and old units
can be phased out, but the plant layout and flows remain
constant within the subperiod. Further, parameters are
defined for each subperiod, so, e.g., evolution of prices or
technology efficiencies can be considered over the whole
time horizon.

The overall goal is to minimize accumulated costs or
emissions for the entire time horizon, so the system
impacts during the entire transition phase are considered.
For the cost optimization, the objective function is the
sum of investment costs and operational costs for each
time step

min C =Y Cinys + Copers vieT

(M

where investment costs are the sum of accumulated invest-
ment costs for each new system unit and operational costs
relate to how the system is functioning in each time step
to ensure required steel production rates. The costs are pro-
jected back to the initial day by considering the discount
rate. As an example, investment costs for a pellet plant
(PP) for a time step ¢ can be written as

2

where « is an annuity factor calculated based on discount

Cinv,ppt = @ X Nap X Cinv,pp,s X Sppy
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Figure 1. Schematic of the main units in the BF-BOF and H,DR routes in the model. Additional connections between the units include
flows of process gases, energy and recycled steel scrap, etc. Abbreviations: ASU — Air separation unit, BF — blast furnace, BOF — Basic
oxygen furnace, CHP — Combined heat and power plant, CP — Coke plant, EAF — Electric arc furnace, EL — Electrolyzer;, HS — Hot
stoves, LT, CC — Ladle treatment and continuous casting, PP — Pellet plant, RM — Rolling mill, SF — Shaft furnace.

Table I. In- and output variables in the regression models.

Input variables Output variables

BF model
Hot metal output Coke input
Pulverized coal input Pellet input
Blast oxygen rate Lime input
Blast temperature Blast input
DRI input Slag output
Top gas temperature
Top gas composition
Top gas volume
Flame temperature
SF model
Pellet input DRI output

Hydrogen input

Furnace diameter

Pellet iron content

Gas injection temperature

Metallization degree

Top gas temperature

Top gas hydrogen content
Gas injection pressure

rate and expected lifetime, n,, is the number of years each
time step represents, cinypp, iS @ capacity-dependent cost
coefficient and Spp, is the plant capacity. Different units
may have additional factors affecting how the costs are

treated in the model.'*

Operational costs in each time step can be written as

Coper,t = nap(cpel,t + Ccoal,t + Ccoke,t + Clime,t + Cscrap,t
+ Cpc,t + Cng,t + COZ,t + Cel,t + CHzrecyc,t

+ Coper,EAF,t + CCOZ,t - Csell,t)
3)

where Cpel,ta Ccoal,ts Ccoke,t, Clime,t: Cscrap,ta CpC,ta Cng,t and
Co, : are the costs of imported pellets, coal, coke, limestone,
scrap, pulverized coal, natural gas and oxygen, Ce, is the
cost of grid electricity used, Cp,recyc, 15 @ cost on hydrogen
recycling in shaft furnaces, CoperarF, Tepresents costs of
EAF operation, and Cco,, is costs placed on direct CO,
emissions from the steelworks. Cg, is optional credits
for exported streams (electricity, slag, etc.).

Finally, model constraints comprise the unit models,
describing relations between different material and energy
flows with, e.g., mass and energy balances as well as
logical constraints related to unit operations, as described
by Haikarainen et al.'*

Taken together, the system model constitutes a
mixed-integer quadratically constrained programming
problem that was implemented in Python using the
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Figure 2. Schematic of the division of the time horizon into time periods. Abbreviations: BF — blast furnace, BOF — basic oxygen

furnace, SF — shaft furnace, EL — electrolyzer.

Pyomo framework' and solved using Gurobi 10.0.'® With
the time horizon divided into five time periods, most
problem instances were solved within seconds or minutes
on a regular laptop computer. More time periods frequently
resulted in calculation times counted in hours, so the
example cases in the next section were all solved with a
time horizon of 25 years divided into five-year periods.

Example cases

In this section the functionality of the proposed modelling and
optimization approach is presented through some example
cases. The initial configuration in these cases features a con-
ventional integrated steel plant with two blast furnaces, each
with a maximum capacity of 160 t,,/h (3840 t,/d), one
requiring relining after 10 years and the other after 20 years.
New investment options are up to three DR furnaces and up
to three EAFs, each with capacity options 150 t/h, 200 t/h
or 250 t/h, as well as electrolysis units and a pellet plant
with maximum capacities as continuous variables. The
output of rolled steel was fixed at 260 t/h in the present study.

Costs of investments and raw materials were assembled
from the literature and online sources, with parameter values
based on the values used in Ref.'* Naturally, estimates of
future prices are highly uncertain and need to be treated with
caution. The model can easily be adapted to different cost

structures representing different regions and circumstances by
changing the parameter values and including system units.
Since one alternative steel production route is an EAF operated
on steel scrap, the prices and availability of scrap are of crucial
importance. In the present model examples, scrap prices are
assumed to increase with increasing imports. Starting from
220 €4, the price increases by 30 €/t for every additional 20 t/
h of imported scrap up until 490 €/t. This price dynamic restricts
scrap imports without setting explicit limits.

Another parameter greatly affecting the results is the cost
of CO, permits. Data from the past ten years shows that EU
carbon pricing has increased from about 6 €/tco, in 2013 to
around 100 €/tco, in 2023."7 In the present model examples,
carbon prices were initially set to 20 €/tco,, and increased by
40 €/tcoy every five years, i.e., at each time step. This serves
as an example of how the estimated evolution of prices will
affect the optimal transition. Naturally, such projections are
highly uncertain, and a thorough sensitivity analysis should
be performed to assess different scenarios.

Cost minimization

The transition was optimized with respect to overall costs with
the above initial and parameter settings but for different fixed
values of the price of electricity, yielding optimal transition
scenarios. Figure 3 shows how operational costs vary
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throughout the time horizon in the optimal solutions for elec-
tricity prices in the range 20-70 €/MWh. Each case starts
with identical plant setup with the specified initial configur-
ation, and the operation costs are almost identical as electricity
demands are covered by the internal CHP plant. In successive
time steps, the investment paths are highly dependent on the
electricity prices, with higher prices leading to continued
blast furnace use coupled with EAF use, where scrap is intro-
duced to address the increasing specific costs of CO, emis-
sions. By contrast, lower electricity prices lead to increasing
use of hydrogen reduction in DR furnaces. The increasing
trend seen in the cost curves is due to the increase in carbon
permit prices as time proceeds.

In all these solutions, investment in an EAF happens imme-
diately in the second time period, while investments in DR fur-
naces and electrolyzers occur in time period 4 with 50 € MWh,
time period 3 with 3040 €/ MWh and time period 2 with 20
€/MWh, as indicated by circles in the figure. With electricity
prices above 50 €/MWh the solutions did not include electro-
lyzers or shaft furnaces when minimizing costs. These results
can be compared with those of Vogl et al.,* who calculated that
the H,DR route becomes cost competitive with integrated steel
plants at electricity prices around 40 €/MWh with carbon
permit prices of 34—68 €/tco,. In the present model, if the
carbon permits are fixed at, e.g., 50 €/tco,, solving with elec-
tricity prices of 40 €/ MWh or higher results in configurations
with one EAF producing about 100 t/h from steel scrap and
the rest coming from the BF-BOF route, while electricity
prices of 30 €/ MWh result in shaft furnace and electrolyzer
investments in the third time period. On the other hand,

fixing carbon permits at a very high level, e.g., at 200
€/MWHh, leads to solutions favoring EAFs charged with steel
scrap from the second time period onward with electricity
prices at 30 € MWh or above, while still cheaper electricity
warrants investments in the H,DR route in the second time
period.

These total accumulated costs can be compared with costs
when only utilizing the BF-BOF route throughout the time
horizon. For 70 €/MWh the total cost reduction is about
13%, while for 20 €/ MWh, the reduction is almost 27%,
since the H,DR route can make use of the cheaper electricity.
The primary reason why this route becomes economically
beneficial is the growing costs of the CO, emission permits,
which drive the system towards decarbonization. Figure 4
shows a breakdown of the total costs for the 25-year period
under different electricity prices. It should be noted that the
investment costs in the figure only reflect costs relevant to
the decisions in the model, and they exclude any investments
that are required at the steelworks related to parts that are static
in the model configurations. With higher electricity prices, the
solutions favor continued blast furnace use combined with
EAF and increased scrap use, which means that costs of
scrap, pellets and emissions make up a large portion of the
total costs. With cheaper electricity, the solutions adopt the
H,DR route, with costs shifting towards iron ore for the
internal pellet plant, electricity and higher investment costs,
but scrap costs are also a significant part of the total.
Although the electricity price is low (e.g., 20 € MWh), the
electricity use is so considerable that the total electricity
costs exceed 17% of the total accumulated costs.

Operational cost [€/t ]
550
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300
1 2 3

Time period

—e—70 €/MWh
—e—60 €/MWh
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40 €/MWh
—o—30€/MWh
—e—20 €/MWh

Figure 3. Evolution of operational costs in the time periods for scenarios optimized under different electricity prices. Circles indicate
the period when direct reduction and electrolysis units were introduced.
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Figure 4. Breakdown of total accumulated costs in the cost-minimized optimal solutions with different electricity prices.

The total emissions for the above solutions were also
compared under different grid emissions intensities (GEI).
When minimizing costs, the GEI values do not affect the
solutions as there is no additional cost placed on upstream
emissions in the objective function. Figure 5 compares
the specific emissions of producing steel in the different
time steps for the solutions with electricity price 70
€/MWh and 30 €/MWh, with three different GEI values,
where the initial configuration in the first time period has
specific emissions of about 1.9 tcos/tseer. In the base case
(solid lines), GEI was 0.089 tco,/MWh, reflecting emis-
sions from Finnish grid electricity in 2018-2022."% The
dashed curves show the specific emissions for GEI=0.25
tcoo/MWh, which is close to an average value in the
European Union in 2022,'° and with zero emissions
(dotted lines) from grid electricity.

Complementing the specific emissions in Figure 5, total
accumulated emissions in the solutions can be compared
with only using the BF-BOF route: with 70 €/ MWh, the dif-
ferences between GEI values are quite small since the
optimal plants do not incorporate electrolysis units. The
reduction in total accumulated emissions compared to
BF-BOF amounts to around 40% in these cases. For an
electricity price of 30 €/ MWh, GEI makes a larger differ-
ence: in the base case the reduction in total accumulated
emissions is 44%, in the EU average case is 23%, and
with zero grid emissions 56%. In testing with higher GEI
values (not shown here), the model indicates that a thresh-
old of GE =~ 0.3 tcoo/MWh when emissions from the H,DR
route equals those from the BF-BOF route. As a compari-
son, Rechberger et al.? calculated that direct reduction
with hydrogen has lower emissions than with natural gas
if GEI is below 0.12 tco,/MWh. If known, effects of pos-
sible expected rates of reductions in GEI can be considered
in the optimization.

Emission minimization

The strategy can also be changed to minimizing the total accu-
mulated emissions, but minimizing emissions alone may yield
solutions that are economically infeasible. In an illustration of
the concept, and to provide a meaningful comparison with the
results of the cost minimization, the emissions were minimized
subject to a constraint on total costs relative to the minimized
costs in the previous model solutions. Figure 6 shows how the
accumulated emissions vary in solutions with different electri-
city prices when minimizing emissions (with GEI=0.089
tcoo/MWh), limiting total costs at to be maximally 2%, 5% or
10% higher than for the case with minimized costs. Emissions
reductions reached compared to the cost-optimal solutions are
listed in Table 2. Especially with the higher electricity prices,
the achievable emissions reductions are considerable, e.g.,
20% emissions reduction with a 2% increase in costs with an
electricity price 70 €/ MWh. Thus, the difference in costs
between adopting new technologies and continuing with the
BF-BOF route is relatively small in the cases studied. With
the lower electricity prices, the potential reductions are
smaller, as the direct reduction technologies are already utilized
in the cost-optimal solutions. With available estimates on how
much more the market is willing to pay for steel with less envir-
onmental impact, the solutions presented can be used to assess
the economic feasibility of the decarbonization.

Discussion and future prospects

The modelling approach presented in this article illustrates
how mathematical optimization can aid the planning of
technological transitions. Steel production involves a
complex network of intertwined processes, so a complete
steelworks model necessarily involves coarse simplifica-
tions. Nevertheless, even simplified models can give



Haikarainen et al.

Specific emissions [teq,/t
2.0

steel]

1.8

1.6

1.4

12

1.0

0.8

—e—70€/MWh

----@-- GEI 0 tCO2/MWh

- @ -GEI 0.25 tCO2/MWh
—a—30 €/MWh

---m--- GE| 0 tCO2/MWh

0.6
0.4
0.2

0.0
1 2 3

Time period

- ® -GEI 0.25 tCO2/MWh

Figure 5. Evolution of specific emissions for producing steel in model solutions with different grid emission intensities.
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Figure 6. Minimized total accumulated emissions with different limits on total costs.

indications of challenges and possibilities regarding steel
plant configurations and operational schemes.

The example cases indicate how prices of electricity and
carbon permits affect model solutions and give hints on
how the H,DR route compares with the BF-BOF route.
Low grid emission intensities are crucial when determining
the benefits of the H,DR route in terms of emissions

reductions and the model can account for estimated
changes in future GEI values as well as changes in other
key parameters. Results indicate that with grid emissions
at present average European levels a change to hydrogen/
electricity-based steelmaking may only lead to modest
reductions in CO, emissions, so concurrent efforts in redu-
cing emissions from electricity generation are essential.
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Table 2. Changes in CO, emissions comparing solutions with
cost-constrained minimized emissions and solutions with
minimized costs.

Electricity Total emissions with

Costs limit

price minimum costs

[€E/MWh] [Mt CO,] +2% +5% +10%
70 62.5 CO,: -33% -37%

—20%

60 58.7 -16% —30% —35%
50 575 -19% -33% -37%
40 48.9 —13% —26% —29%
30 48.1 —24% -27% —30%
20 38.1 8% —11% —14%

Examples also showed how considerable reductions in
emissions could be reached with relatively small increases
in total costs when considering solutions beyond the cost-
optimal solutions.

The calculation efficiency of the demonstrated model
allows for more thorough scenario analyses with large
sets of various parameter combinations to find robust solu-
tions. The calculation efficiency depends on the number of
time steps included, so the length and resolution of the time
horizon are restricted. Another possible future model devel-
opment that depends on efficient calculation involves the
addition of system dynamics in contrast to the present
steady-state formulation. The individual unit models
should also be improved, especially the EAF and shaft
furnace models, to allow for more diverse and more realistic
operational considerations. Diversifying the shaft furnace
input gas mixture could allow interesting options for utiliz-
ing process gases in transition phases.
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