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Abstract: Steel production is one of the biggest emitters of greenhouse gas in the industrial sector
with about 8% of total global CO2 emissions. Although the majority of emissions can be attributed
to primary steel production, there is also potential for reducing CO2 emissions in downstream
steel processing. Large industrial furnaces, which are necessary for heating steel, are currently
primarily fired with natural gas and by-product gases from primary steel production, offering great
potential for heat recovery measures from exhaust gases. However, switching to alternative climate-
neutral fuels could change this potential and thus jeopardize the economic viability of heat recovery
measures. In the present work, it was therefore examined to what extent a change in energy sources in
industrial furnaces affects the potential use of heat recovery in steel processing. For this purpose, an
optimization model was used that takes into account heat recovery by means of direct heat transfer,
heat pumps and heat distribution systems. Potential future changes in energy supply for industrial
furnaces were examined using different storylines. Two different energy price scenarios were also
considered to address uncertain developments in energy markets. The results show that heat recovery
is a cost-effective and definitely recommendable measure. Switching to alternative fuels has little
impact on the use of heat recovery. Electrification and thus the elimination of flue gas, on the other
hand, greatly reduces the potential for heat recovery.

Keywords: industrial energy system; optimisation; renewable energy supply; decarbonisation

1. Introduction
Background and Motivation

Around the world, the industrial sector is undergoing significant changes forced by
CO2 reduction targets to mitigate the impact of current climatic change. The European
Union aims for CO2 neutrality by 2050 and reducing total greenhouse gas emissions by
55% until 2030, as stated in EU Climate Target plan 2030, as part of the European Green
Deal [1]. The Iron and Steel sector is responsible for around 8% of global final energy
demand and emitted 3.4 Gt CO2 in the year 2019, accounting for 7% of the energy sector’s
CO2 emissions [2]. As the global steel demand is also projected to increase by more than
one-third from 1.82 Gt steel in 2020 to 2.55 Gt steel in 2050 [3], measures targeting the
decarbonisation of the energy supply system and the overall efficiency of steelmaking
are required. The steel sector is currently the largest industrial consumer of coal, which
provides around 75% of the sector’s energy demand followed by electricity and natural
gas (NG) [2]. These energy carriers are directly related to the most common production
route the blast furnace (BF)–basic oxygen furnace (BOF) steel-making process, which uses a
mix of liquid iron and scrap steel and accounts for close to 60% of the crude steel output in
the EU [4]. The available decarbonisation measures range in efficiency enhancement such
as top gas recycling over carbon capture and storage (CCS) to shifting to hydrogen-based
fuels or using electric arc furnaces (EAFs) instead [5]. For the substitution of the BF the
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production of direct reduction iron (DRI) from the direct reduction of iron ore in the form
of lumps, pellets, or fines into iron by a reducing gas, is an option. It is usually combined
with an EAF as the produced pellets are advantageous for this technology.

The finishing line of steel works treats the raw steel and turns it into final steel products
such as tin plates, wires, rails, etc. Steel is treated in reheating furnaces, often employing
mixtures of by-product gases from the steel-making processes and NG, while steam is
used for heating purposes such as heating acids baths for pickling, preheating of cooling
and cleaning water and heating of lubrication systems [6]. Although the energy demand
for steam is relatively low compared to the energy used in the large industrial furnaces
for steel making (in Austria 105 GWh/12 MW primary energy consumption for steam at
10.326 GWh of total energy demand in the iron and steel sector in 2020—(1%)), there is still
considerable savings potential in the heating system of the steel finishing line. An example
given in the BAT document for the iron and steel industry [6] points out that hot rolling and
annealing lines bare the potential to supply steam for other facilities from heat recovery
of furnace fumes. Currently, steam is mostly generated using fossil fuels or by-product
gases from the BF or BOF. However, these by-product gases will not be available if primary
steel making is changed to hydrogen-based DRI or is shifted to secondary steel using scrap
and EAFs.

Studies highlight the varying potentials of direct heat recovery (DHR) measures and
industrial heat pumps (HPs) in the steel industry. For example, Kosmadakis et al. [7]
point out that the heat requirement for the iron and steel sector in the European Union
between 100 and 200 ◦C is around 30 TWh/year. McBrien et al. [8] showed the potential of
a fully integrated DHR system saving up to 2.5 GJ per tonne of hot rolled steel. However,
they do not account for distances and feasibility. The road-map for the Austrian steel and
iron industry also mentions the significance of DHR and other heat recovery measures,
especially in the finishing lines at lower temperatures [9]. Additionally, feeding excess
heat into district heating systems can be a possibility to valorise heat surplus, as shown by
Weinberger et al. [10] and Li et al. [11].

For the identification of excess heat potentials, pinch-based total site analysis and
mathematical programming approaches such as heat exchanger network synthesis (HENS)
are suitable [12] and have been widely used. A review by Schlosser et al. [13] highlights
that Pinch Analysis can be used to identify feasible integration points for HPs from a
thermodynamic point of view. It also yields important insights for total site integration
showing heating requirements and excess heat potentials for inter-facility heat transfer.
Depending on the imbalance between heat demands and availability of excess heat inter-
facility distribution systems [14] can increase the overall energy efficiency of industrial
sites significantly [15]. There are already some additions for the integration of HP [13] and
distribution systems [16].

However, it is still unclear how a transition of industrial furnaces to carbon-free energy
sources such as biogas (BG), hydrogen or potential electrification will affect the economic
viability of measures for excess heat usage. Changing the energy carrier in the future
might alter excess heat potentials and thus might jeopardise the economics of heat recovery
measures implemented today. Thus, identifying future-proof measures is important to
facilitate implementation. However, the identification of the best time for investments and
realisation is not clear. Early implementation reduces the cumulative CO2 emissions of the
finishing line, but given the limited life expectancy of equipment, implementation at a later
time could make more sense economically.

In the present work, a scenario analysis for the finishing line of an integrated steel
works was conducted to identify cost-optimal heat recovery measures depending on poten-
tial future boundary conditions. In contrast to most previous works on heat integration in
the iron and steel industry, such as McBrien et al. [8] highlighting heat recovery potentials
from an energy viewpoint, in this study, cost-efficient heat recovery measures are iden-
tified by means of Pinch Analysis and mathematical programming taking into account
distances between sinks and sources and the availability of heat exchange technologies for
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difficult-to-harness heat sources. DHR and heat recovery by means of HPs is restricted to
the individual facilities on the production site to prohibit extensive piping and intermediate
circuits. This way, technical feasibility for the implementation of heat recovery measures
is ensured.

The mathematical programming formulation used in this work comprises the possibili-
ties for DHR by means of heat exchanger (HEX), heat recovery using HPs and the possibility
for an inter-facility steam network. A time frame from 2020 to 2050 was considered for
optimisation with the objective of minimising total costs. Investment decisions can be made
at each trigger point which correlates with changes in the surrounding system such as fuel
switching either in the reheating furnaces or for the external steam supply. Limited lifetime
for HEX and HPs are considered, meaning that reinvestment is required for prolonged
usage of equipment. Two different price scenarios were considered for energy carriers
and several storylines were developed for the decarbonisation of furnaces considering
BG, hydrogen and electrification. Even though the focus of the present study lies on heat
recovery in the finishing line, CO2 emissions and economics for the different storylines and
alternative energy carriers were analysed to observe the results of heat recovery in relation
to the surrounding processes. In a post-processing step, CCS was considered to reduce
carbon emissions for storylines where fossil fuels were still used in the furnaces.

In the following chapters, the analysed finishing line is described, heat recovery
potentials are presented and the optimisation model used to identify the cost-optimal heat
recovery system is introduced. Finally, results are presented and discussed.

2. Case Study

The ArcelorMittal Asturias plant is an integrated steel plant that has the steel process
divided into two sites, Gijón and Avilés. At first, pig iron is casted into different shapes such
as slabs, blooms and billets in the steel shop. These semi-finished products are processed
further in the finishing line, which is the focus of this work. The main facilities in the
finishing line are the hot strip mill (HSM), galvanizing line (GAL), pickling line (PL) and
continuous annealing line (CAL), which are depicted in Figure 1, including their steam
supply system. While water is often used for cleaning purposes, steam is used as a heat
transfer medium. Furthermore, NG blendings are used as fuel for the reheating furnaces in
the HSM, while NG is currently used to produce steam and supply furnaces in the CAL
and GAL.

Finishing line

Hot strip mill Pickling line

Galvanizing lineContinuous annealing

Steam generation 

Steam

Product

Steelmaking

Figure 1. Schematic layout of the considered parts of the steel plant.

2.1. Heat Recovery Potentials

The stream table for all facilities is introduced in Table 1. Temperature levels are
rounded and the power is normalised by the maximum value. Currently, high-pressure
steam is used to supply heat for several streams in different facilities. One stream with a
relatively low target temperature requirement is supplied in the HSM (stream 6: 45 ◦C),
two streams with moderate target temperatures in the GAL (stream 1: 70 ◦C; stream 3:
55 ◦C), three streams in the CAL (stream 1: 80 ◦C; stream 3: 90 ◦C; stream 9: 80 ◦C) and four
streams in the PL (stream 1: 90 ◦C; stream 2: 90◦C; stream 4: 85 ◦C; stream 5: 85 ◦C). Besides
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streams that require active cooling, there are also excess heat streams such as flue gas from
reheating furnaces and cooling water that can be used for heat recovery (Table 1/availability
level 1). Furthermore, there are excess heat sources that can theoretically be used for heat
recovery, such as heat from hot steel, but are technically difficult to utilise and might require
specialised and prohibitively expensive equipment (Table 1, availability level 2).

Table 1. Stream table for all facilities.

Stream Tin Tout Power Availability
(°C) (°C) (%) (-)

HSM - 1 605 580 0.37 2
HSM-2 580 25 8.14 2
HSM-3 60 55 6.46 1
HSM-4 35 30 54.49 1
HSM-5 510 200 9.62 1
HSM-6 40 45 0.77 1
GAL-1 15 70 0.51 1
GAL-2 30 20 0.58 1
GAL-3 20 55 1.33 1
GAL-4 850 20 0.01 1
GAL-5 360 240 0.03 1
GAL-6 550 310 0.69 1
CAL-1 15 80 0.44 1
CAL-2 80 25 0.37 1
CAL-3 20 90 1.95 1
CAL-4 50 25 0.7 1
CAL-5 450 200 1.84 1
CAL-6 30 25 8.94 1
CAL-7 790 650 0.38 2
CAL-8 650 400 0.69 2
CAL-9 15 80 0.40 1
PL-1 75 90 0.08 1
PL-2 89 90 0.18 1
PL-3 70 25 0.06 1
PL-4 20 85 0.45 1
PL-5 20 85 0.29 1
PL-6 80 25 0.23 1

Internal heat recovery potentials for each facility and for the entire finishing line are
shown in Figure 2 in the form of Composite Curves calculated for a minimum approach
temperature of 30◦C. These curves show the aggregated heating requirements (blue) and
excess heat potentials/cooling requirements (red). An overlap of the curves indicates
potential for DHR. The Grand composite Curves are derived directly from the Composite
Curves and show the residual heating and cooling demands and the temperature levels at
which heat can be supplied to or extracted from the system. In the Composite Curves, excess
heat streams usable with common HEX (strong red) and excess heat streams requiring
specialised equipment (pale red) are distinguished. The heat load axis is normalised by
the maximum heat load at all availability levels. The Composite curves show that the CAL
heat demands could only be met if specialised equipment was used. However, since heat
recovery from these sources is yet subject to research, only readily available heat recovery
technologies were considered for further analysis. In the HSM there is still approximately
9% excess heat available above 200◦C after DHR potentials are fully exploited. All residual
heating requirements in the GAL (2%), CAL (3%), and PL (1% ) could be met using excess
heat from the HSM.
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Figure 2. Composite Curves (top) and Grand Composite Curves (bottom)—light colors indicate that
streams with availability level 2 were considered.

2.2. Storylines

Based on the urgent need for CO2 reduction many steel-producing companies defined
goals similar to the goals mentioned in the Climate Action Report from ArcelorMittal [17],
with reduction targets from 25% in 2020, decreasing to zero emissions in 2050. This leads to
a variety of possible future scenarios for the energy systems in steel production in general
and for the finishing line, in particular, that might influence heat recovery potentials and
thus the economics of heat recovery measures. To investigate the impact of different
decarbonisation pathways, storylines were created, implying changes in the energy system
at a certain point in time. In Figure 3, eight storylines are summarised and depicted. In the
current system, a mixture of NG and basic oxygen furnace gas (BOFG) is used as fuel for
the furnaces in the HSM while NG is burnt in the furnaces of the GAL and CAL. Steam
is supplied from an external steam boiler that also uses NG. For story lines A to E, it is
assumed that the external steam is still produced using NG while for storyline F BG, it is
used from 2035 onward. In storyline G, from 2035 onward, the steam demand has to be
covered internally by means of high temperature HPs, electric boilers (EBs) and/or DHR.

2020 2025 2030 2035 2040 2045 2050

BF-BOF Route DRI-EAF Route

BOFG+NG fired furnace in 

HSM

Natural gas fired furnace in HSM

Biogas fired furnace in HSM

Electric furnace in HSM

Natural gas fired furnaces in 

other facilities
Electric furnaces in other facilities

H2 fired furnace in HSMNG

NG fired external boiler

NG fired external boiler

BG fired external boiler

Internal steam supply (HP/Electric)

Electric furnace in HSMNG fired furnace in HSM

A

A

B

F

A

G

C

D

E

B C D E F G

B C D E

F G

Figure 3. Energy supply storylines A–G.

For all discussed storylines, it is assumed that the BF–BOF route is replaced by a
DRI–EAF route in 2035. Therefore, BOFG will not be available anymore, which directly
affects the reheating furnace of the HSM. In storyline A, the furnace in the HSM is powered
by 100% NG, whereas in storyline B, BG is used. In storyline C, NG is used until 2045,
and then the system is changed to an electrically-powered furnace. Electricity-powered
furnaces are also used in storylines D, F and G starting from 2035. For both story lines E1
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and E2, the fuel is first switched to NG as an intermediate solution and is finally replaced
by H2 in 2040. Opposed to storyline E1, in E2 it is assumed that the air preheating in
the furnace is improved using new recuperative burners resulting in increased furnace
efficiency but reduced heat recovery potentials from the flue gas.

2.3. Fuel Switch in the HSM

The impact of different potentially renewable fuels on the resulting flue gas stream
in the furnace of the HSM was estimated using the process simulation tool IPSEpro. A
steady-state model was used to calculate the resulting flue gas stream under the assumption
that the heat transfer inside the furnace is not affected by the flue gas composition. The flue
gas temperature at the outlet of the furnace was assumed to be around 800 ◦C, while air
preheating was limited to approximately 50% of the temperature. Increased air recirculation
was assumed inside the furnace to keep the flame temperature at a constant level to avoid
increased NOx emissions. Thus, the different types of fuels are affecting flue gas heat loads
and flue gas temperature after air preheating. The minimum allowable temperature level is
set to a value roughly 15% above the dew point of the flue gas to avoid condensation. In
the case of hydrogen, the limit is decreased down to 150 ◦C as the flue gas is to be assumed
to be less problematic for the HEX. For hydrogen, the additional storyline E2 was examined
with increased air preheating of roughly 60% leading to an increase in the furnace efficiency
but the potential for heat recovery of the flue gas is reduced by around 60%. The usable
excess heat from the furnace flue gas in the HSM is shown in Figure 4 for the different fuels.
Electrification of the furnace is assumed to eliminate flue gas steams altogether.
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Figure 4. Available excess heat in HSM for various fuels relative to the base case.

2.4. Energy Price Scenarios

Figure 5 shows the price forecasts for the different energy carriers considered in the
individual storylines but also prices for CCS and for CO2 certificates. The price forecast for
NG is based on [18,19] but was modified especially in the near future to address the current
situation in the energy markets due to the Ukraine conflict in 2022. After 2025, a decrease of
the NG price is expected, as it is projected that the tension on the world market will resolve.
The electricity scenario Electricity ES is based on the Energy Brainpool forecast for 2021 [18]
but corrected by the difference between European prices and national prices for Spain.
The H2 price H2 ES is linked to this scenario, assuming that if H2 is cheaper, then electricity
will be used for power generation and thus is somewhat coupled. The same but vice-versa
applies for the Electricity ESF scenario, which is linked to the forecast H2 ESF. In contrast
to the H2 ES/Electricity ES scenario, this forecast is relatively optimistic and is based on
the levelised cost of hydrogen production assumed by Bloomberg [20]. The forecast for
BG prices is based on an International Energy Agency (IEA) outlook for bio-methane [21]
and also considers assumptions for local availability and infrastructure for BG as these are
key factors. The forecast for CO2 certificate prices is again taken from [18], assuming a
significant increase until 2050. Moreover, CCS is considered since recent IEA projections
indicate that by 2050 it will lead to cumulative direct emission reductions of 16% of global
iron and steel emissions [22]. Based on the data available in the IEA Technology Report [23],
a constant price of EUR 112 /tCO2 is assumed for the considered time frame between 2020
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and 2050 since the costs for CCS technology, especially considering further development in
the future are difficult to asses [24].
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Figure 5. Price forecasts for (a) NG, electricity and BG and (b) hydrogen, CCS and CO2 certificates.

3. Optimisation of Heat Recovery System

To identify the cost-optimal heat recovery system for the individual storylines and
price forecasts, a mathematical programming formulation, more specifically an mixed -
integer linear programming (MILP) model, was used that builds upon previous work by
various authors (Figure 6). In the present work, a new formulation is presented that allows
us to consider renewal and replacement investments for heat recovery equipment. The
basic structure of the optimisation model is shown in Figure 7, including the interfaces
between the individual sub-models, which are described in more detail in this chapter.

Figure 6. Previous work contributing to the model used in this work [14,25–27]

Steam generation 

E-Boiler

Heat Pump

Finishing line

Hot strip mill Pickling line

Galvanizing lineContinuous annealing

HP Steam

LP Steam / LTD

NG

BG

Power

Figure 7. Schematic representation of the optimisation model for the energy system in the finishing line.

3.1. Heat Exchanger Network Synthesis

The model for HENS is based on a linearised version (Beck and Hofmann [25]) of
Yee and Grossman’s stage-wise superstructure mixed - integer nonlinear programming
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(MINLP) formulation [26]. It is further extended to multiple operating periods similar to
the formulation proposed by Zhang and Verheyen [27]. In the present case the process
duration is the time frame from 2020 to 2050, and the individual periods thus correspond
to multiple years of continuous operation. In the following, an extension is introduced that
accounts for limited equipment lifetime and thus limited operating times. This modification
is used to examine changes to the heat recovery system throughout the years with respect
to changes in both equipment costs and also changing heating and cooling requirements
and excess heat sources. Replacements are thought of as costs for new equipment, which
can be of differing size or capacity compared to the initial investment.

In the HENS model, costs for equipment are determined for each period t through
step-fixed costs c0, which are realised if the equipment exists (z = 1) and variable costs c1
depending on a continuous variable y.

Ct = c0,tzt + c1,tyt (1)

A logical constraint using a so-called big-M factor M (very large number)

yt ≤ zt M (2)

to force the continuous variable y to zero if the equipment does not exist (z = 0).
If investments should be made at a time where the life expectancy exceeds the consid-

ered time frame, a reduction factor cred is used to consider only a part of the investment
costs in the objective function. This way, investments in heat recovery equipment close to
2050 are not disadvantageous in terms of costs per unit heat recovered.

Ct = (c0,tzt + c1,tyt)cred (3)

Since equipment lifetime can exceed a single period and thus can use multiple periods
without reinvestment-only realised costs Creal

t are considered in the objective function.
Additional logical constraints are used to only realise equipment costs at the beginning of
its usage.

Creal
t ≥ Ct+dtt − (1− zreal

t )M, dtt ∈ [0, ..., dpt − 1] (4)

Here, zreal is an auxiliary binary variable used to trigger the cost realisation in the first
period of equipment installation and is constrained through

T+dpt

∑
T=t

zt ≥ zreal
t dpt (5)

where dpt is the number of discrete time periods starting with period index t until the
lifetime lt of the respective equipment is exceeded or the considered time frame ends. This
can be interpreted as finding the maximum of maxtmax dpt = ∑tmax

T=t lpT subject to lpT ≤ lt
and tmax ≤ NOP.

Calculation time is reduced through consideration of a non-equal period duration.
This reduces the flexibility regarding investment times, but since major changes to the
boundary conditions are considered through the introduction of additional time periods,
this restriction is very unlikely to alter the results in a meaningful way.

3.2. Heat Pump Model for Integration in HENS

The HP model used in this study was proposed by Beck et al. [14] as an extension for
HENS superstructure formulations (Figure 8). The HP model uses a so-called second law
efficiency to describe the deviation of a real HP from the ideal thermodynamic cycle.
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Figure 8. (a) Schematic representation of a two-stage superstructure with two hot and two cold
streams, (b) extension for HP integration

Linearisation allows us to use MILP solvers to solve the optimisation model, which
reduces the required computational efforts compared to MINLP formulations. In the basic
nonlinear model, the governing equations are

Q̇c = Pel + Q̇e, (6)

Qc/Pel = COP (7)

and
COP = ηC

Thot
Thot − Tcold

(8)

which can be modelled as nonlinear constraints in the optimisation model. The evaporator
heat load of the HP is equal to all heat transferred from all hot streams (sources).

Qe = ∑
i

Qe
i (9)

Similarly, the condenser heat load of the HP is equal to heat transferred to all cold
streams (sinks).

Qc = ∑
j

Qc
j (10)

Linearised HP models for the integration in HENS formulations have been presented
in the past. Prendl and Hofmann [28], for example, proposed a formulation that uses
piece-wise linear constraints to address the nonlinearities in the model. One issue for the
linearisation is the bounds for the domain of condenser and evaporator heat loads to ad-
dress all possible integration points. The approach first briefly presented by Beck et al. [14]
is also used in the present work and addresses this issue through direct linearisation of the
possible heat loads for each HEX separately. The condenser and evaporator capacities for
the individual hot and cold process streams are modelled as individual virtual HPs, which
significantly tightens the bounds for possible heat loads and thus improves approximations.
For each potential condenser and its respective heat loads, a virtual heat load at the evapo-
rator is modelled using the second law efficiency model and vice versa. The sum of the
virtual condenser heat loads and the actual loads at the condensers can then be connected
through an equality constraint. Ideally, both virtual condenser and evaporator heat loads
and actual condenser or evaporator heat loads are equal. However, due to linearisation



Energies 2023, 16, 852 10 of 21

of the correlation between condenser and evaporator heat loads and temperature levels, a
certain error cannot be avoided. In the following, the linearised model by Beck et al. [14] is
described in more detail.

The correlation between the evaporator heat loads Q̇e
i and the corresponding vir-

tual condenser heat load Q̇c.v
i is modelled depending on the temperature dT using the

coefficients ci
ci,0,0dT + Q̇e

i + ze
i ci,2,0 + si(ci,0,0dTmax) = Q̇c,v

i (11)

In the same manner, the virtual evaporator heat loads Q̇e,v
j and the actual condenser

heat loads Q̇c
j are modelled.

cj,0,0dT + Q̇e,v
j + ze

j cj,2,0 + sj(cj,0,0dTmax) = Q̇c
j (12)

In both equations, the slack variables si and sj, which are used for activating or deactivating
stream connections, are limited by logical constrains so that

− (1− ze
i ) ≤ si ≤ 0 (13)

and
− (1− zc

j ) ≤ sj ≤ 0. (14)

In the model, the actual and virtual condenser heat loads are equal

∑
j

Q̇c
j = ∑

i
Q̇c,v

i (15)

but with the electricity consumption

Pel ≥∑
j

Q̇c
j −∑

i
Q̇e

i (16)

and
Pel ≥∑

j
Q̇c

j −∑
j

Q̇e,v
j . (17)

A schematic representation of the model can be seen in Figure 9.

(a) (b)
Figure 9. Schematic representation of (a) nonlinear and (b) new linear HP model, including
basic constraints.

Table 2 summarises all important parameters of the HP model. The costs for the HP
are divided into costs for the HEX (condenser and evaporator) and the residual HP costs,
including a variable and fixed term.
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Table 2. Basic data of the HP.

Parameter Symbol Value

Efficiency η (-) 0.5
Minimum source temperature Tsource (◦C) 0
Maximum sink temperature Tsink.max (◦C) 120
Minimum lift ∆Tli f t.min (◦C) 40
Maximum lift ∆Tli f t.max (◦C) 70
Temperature difference ∆T (◦C) 5
Fixed costs c f ix (€) 5000
Variable costs cvar (€/kW) 300

The error in terms of relative deviation from the actual coefficient of performance
(COP) calculated with the nonlinear model is presented in Figure 10. The test runs were
conducted with a random number between 1 and 11 of hot and cold streams with random
stream parameters. Hot streams were initialised with a starting temperature of 70 to
80 ◦C, a heat capacity flow rate between 0 and 5 kW/K and a target temperature of 0 to
10 ◦C below the starting temperature. Similarly, the cold streams were initialised with a
starting temperature of 80 to 90 ◦C, a heat capacity flow rate between 0 and 5 kW/K and a
target temperature 0 to 20 ◦C above the starting temperature.

Figure 10. Relative error and its absolute value for 100 test runs with random stream configurations.

3.3. Low Temperature Distribution System

Direct connection of heat sources and sinks of different facilities is not feasible due to
prohibitively long distances, which promotes integration of an intermediate heat transfer
cycle. Based on preliminary analysis, a range between 120 ◦C and 300 ◦C has been identified
as most promising for the implementation of such a network. Common media for heat
distribution are hot water and super-heated steam but within the available temperature
range, low pressure stream is the most promising option. The low temperature distribution
system (LTD) model first used by Beck et al. [14] is presented in detail in the following and
can be integrated into the optimisation model to function as both hot and cold utility with
the additional constraint, where the infeed and outfeed of the system need to be balanced.

∑
f∈FAC

QLTD,H
f ,t = ∑

f∈FAC
QLTD,C

f ,t , (18)

where FAC is the set of faculties that the LTD is potentially connecting. In the present case,
the connection between the HSM and the CAL share the same piping as the connection
between the HSM and the GAL, thus, if both facilities are connected, fixed investment costs
for the pipeline should not be considered twice. Existence of a connection is realised through

z f ,t ≥ zUIH
f ,t , z f ,t ≥ zUIC

f ,t (19)

where z f ,t is the binary variable depicting existence of a connection and zUIH and zUIC
represent the existence of a HEX for either hot internal utility UIH or cold internal utility
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UIC that transfer in the HENS model. Index f represents the facility. Fixed costs C f ix for
the connections are modelled as

C f ix
f ,t = z f ,tc

f ix
f , ∀ f ∈ FAC \ CAL (20)

and
C f ix

f ,t = (z f ,t − zCAL,t)c
f ix
GAL + z f ,tc

f ix
CALtoGAL, ∀ f ∈ [CAL] (21)

where c f ix is the cost coefficient for step-fixed costs, whereas variable costs are modelled using

Cvar
f ,t = QLTD

f ,t cvar
f , ∀ f ∈ FAC \ CAL, GAL (22)

Cvar
CAL,t = QLTD

f ,t cvar
CALtoGAL, (23)

and
Cvar

GAL,t = (QLTD
GAL,t + QLTD

CAL,t)c
var
GAL, (24)

where QLTD is the heat load to or from the LTD.
The basic cost function used to derive step-fixed and variable costs of the LTD are

described through the factorial approach for cost estimation

CCAP,PIP = (FBMCP,CS + CINS)cCEPCI L (25)

with the installation factor FBM, the piping based costs CP,CS, the insulation costs CINS,
the Chemical Engineering Plant Cost Index factor cCEPSI and the length of the piping L. This
approach for calculation of equipment and installation costs was suggested by Smith [29]
considering the equations and coefficients proposed by Ulrich and Vasudevan [30] for
complex networks excluding investment costs for fittings. This approach was validated
for 5, 10 and 15 cm pipe diameters but yields unrealistic costs for larger diameters. Thus,
for heat loads requiring larger diameters, multiple pipes were considered to be able to
apply the presented cost function.

The installation factor

FBM = 3.22− 0.05Dn − 0.001D2
n (26)

depends on the nominal pipe diameter Dn in cm, which can be obtained considering
steam velocities.

Dn =

√
4ṁ

vpipπ
(27)

For the present case, steam velocities vpip were set to 20 m/s. The piping base costs
also follow a square-law function of Dn

CP,CS = 0.4199D2
n − 1.9675Dn − 25.97. (28)

Costs for insulation
CINS = 1.13topt(Dact + topt) (29)

are related to the actual outer bare-pipe diameter Dact and the optimal thickness of the
insulation, which is obtained through

topt = 0.085D0.20
n ∆T0.65

amb (30)

both in cm. The optimal thickness of the insulation topt depends pipe diameter Dn and on
the temperature difference between fluid and ambient ∆Tamb. Heat losses in the LTD are
neglected in the model. In the present case-study, the piping length L is parameterised for
each connection between the individual facilities and is thus fixed (see Table 3).
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Table 3. Piping length.

From Facility To Facility Length (m)

Hot strip mill Pickling line 50
Hot strip mill Galvanising line 300
Hot strip mill Continuous annealing 100
Continuous annealing Galvanising line 200

For each connection, the cost coefficients c f ix and cvar in Equations (20) to (24) are
derived through linear approximation of the costs function Equation (25) evaluated for
heat loads from 0 to 6 MW, which is the approximate range that heat recovery can take
place in, according to the Composite Curves in Figure 2.

3.4. Local Steam Generation

In story line G, the external steam generator is replaced by local electrified steam
production by means of either HPs or EBs. These units are modelled using predefined
temperature levels for heat production units and linear efficiencies. Minimum part load con-
straints have not been considered in this work in order to reduce computational complexity.

The thermal output of an EB EEB
out,t is related to its input EEB

in,t using a fixed efficiency
factor ηEB.

EEB
out,t = ηEBEEB

in,t, ∀t ∈ [1, ..., NOT] (31)

Similarly, for HPs, the efficiency is expressed as the coefficient of performance COPHP,
which is a function of utilisation temperature TU , source temperature Tsource and the second
law efficiency ηHP

Carnot.

COPHP = ηHP
Carnot

TU
TU − Tsource

(32)

For HPs, the correlations between heat output QHP
out,t, heat input QHP

in,t and power
PHP

t are

PHP
t =

QHP
out,t

COPHP , ∀t ∈ [1, ..., NOT] (33)

and
PHP

t + QHP
in,t = QHP

out,t, ∀t ∈ [1, ..., NOT]. (34)

3.5. Objective Function

In the proposed model, investment costs for HEX connecting either hot and cold
streams directly Creal,HEX,direct, HEX connecting streams to utilities (including LTD and
HPs) Creal,HEX,type with type ∈ [UC, UH, UIC, UIH, CUC, CUH], EB and HPs for internal
steam production Creal,EB,UH and Creal,HP,UH , HP for heat recovery Creal,HP and costs for
LTD Creal,LTD are considered. Furthermore, energy costs for external steam supply Cext and
electricity purchase Cel are part of the objective function.

min Obj = ∑
t
(∑

f
∑

i
∑

j
∑
k

Creal,HEX,direct
f ,i,j,k,t

+ ∑
f

∑
i

∑
k
(Creal,HEX,UIC

f ,i,k,t + Creal,HEX,UC
f ,i,k,t + Creal,HEX,CUC

f ,i,k,t )

+ ∑
f

∑
j

∑
k
(Creal,HEX,UIH

f ,j,k,t + Creal,HEX,UH
f ,j,k,t + Creal,HEX,CUH

f ,j,k,t )

+ ∑
f

Creal,LTD
f ,t + Creal,HP

f ,t + Creal,HP,UH
f ,t + Creal,EB,UH

f ,t

+ ((∑
f

Cel
t + Cext

t cext
t )∆tt (35)
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Electricity purchase includes electricity for steam generation HPs, EBs and HPs for
heat recovery.

Cel
t = (∑

f
Pel

f ,t + PHP
t + PEB

t )∆ttcel
t (36)

Costs for external steam supply Cext are determined by hot utility consumption Qext

and the fuel specific energy prices cext, which depend on the individual storylines.

Cext
t = ∑

f
Qext

f ,t ∆ttcext
t (37)

4. Results

The results for the optimal heat recovery system presented in the following were
generated, applying the MILP model described in Section 3, which was solved using
CPLEX 12.9 with a stopping criteria of 2 hours of CPU-time. The resulting optimality gap
was between 0 and 5% depending on the storyline. Costs and CO2 emissions for industrial
furnaces were calculated separately based on storyline definitions and simulations for fuel
switching. Similarly, costs and CO2 mitigation for the use of CCS were also calculated
based on price forecasts and the furnace emissions based on furnace simulations.

Figure 11 shows the resulting annual emissions for the year 2050 for all storylines and
for both energy price scenarios. However, the axis is normalised by the maximum value
appearing in story line 0 (business-as-usual (BAU)) so that the emission reduction for the
other story lines can be highlighted in percent. In the BAU storyline, the finishing line
accounts for 220 ktCO2/year. In storyline A, a switch to NG and carbon capture reduces
CO2-emissions in the HSM of a factor of around 50%. Emissions for the smaller furnaces in
the GAL and CAL are mitigated due to electrification and emissions from steam production
are eliminated through heat recovery. All other storylines, except for C and D, bring down
emissions to zero in 2050. Storylines C and D assume electrification of all furnaces until
2050, which causes a demand for external steam production and thus consumption of
natural gas since in these storylines excess heat from the HSM is not available any more.
Scenarios F and G are inherently carbon-free since both furnaces and steam supply are
limited to carbon-free fuels or electrification. The results show that the annual emissions in
2050 are not sensitive to the different price scenarios even though electricity prices differ
by a large amount starting by 2025 at EUR 20 /MWh and increasing until 2050 to EUR
80 /MWh on average (Figure 5).

0

25

50

75

 100

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

E
S

F

E
S

0 A B C D E1 E2 F G

A
n

n
u

al
 e

m
is

si
o

n
s 

 (
%

)

Summe von Steam supply 2050

Summe von GL/CA 2050

Summe von HSM 2050

Steam supply 

GL/CA 

HSM 

Figure 11. Annual CO2 emission reduction for the finishing line in 2050.

Figures 12 and 13 show the total costs over the considered time frame of 2020 to 2050
for the steam supply and heat recovery system. Both cost axes are normalised by the values
of the BAU storyline for ensuring an easier comparison between different storylines. In
the BAU case, there were only OPEX for external steam supply. No investments were
considered. In all other storylines, a small percentage of total costs can be attributed to costs
for DHR. The major cost shares are the LTD, including HEX and piping, OPEX for steam as
a hot utility and OPEX for HP electricity consumption. Especially in storyline G, expenses
for electricity are significant since steam is produced by means of high temperature HPs.
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In storylines C, D, F and G, furnaces are electrified at some point, meaning that there is no
excess heat available. This means that for story lines C, D and F, external steam supply
becomes necessary, resulting in OPEX for hot utility.
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Figure 12. Total costs for heat recovery measures and steam supply.
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Figure 13. Total costs for heat recovery measures and steam supply—only CAPEX.

The fact that the optimal heat recovery system is very similar for both energy price
scenarios ES and ESF is also shown in Figure 14. This highlights the reduction of CO2
emissions compared to the BAU case for all storylines and both energy price scenarios.
Thereby, CCS is used if it is economically beneficial. Moreover, Figure 14 also shows the
trend of always or never using CCS for the ESF scenario. However, the results are similar
for the ES scenario with a lesser amount of cost reduction in both cases.
In both price scenarios, BG is the most cost effective substitution for NG and BOFG. This
is also due to the fact that the BG price was regarded independent from electricity and
hydrogen prices. Together with story lines F and G, the BG case results in the highers
overall CO2 reduction of approximately 58%. However, even though BG shows to be
the most promising way for decarbonisation of the finishing line, its availability is highly
uncertain even for the plant operator. Switching to NG plus CCS (storyline A) yields
drastically reduced CO2 mitigation potentials with roughly a 40% reduction compared to
the BAU case. The economics for story lines C, D, G, F with electrification of the furnace
in the HSM are highly sensitive to the underlying price forecasts. Total costs are in the
range of −23% up to +15% compared to the BAU case. Similarly, storylines employing
hydrogen as fuel (E1 and E2) show a broad range in total costs for the finishing line (−22%
up to +13%). Considering that BG might not be or just partially available, full electrification,
including HPs for steam supply (story line G) would be the most cost efficient and also
potentially carbon-free solution for the finishing line in the ESF price scenario. For the ES
price scenario, a pareto front can be observed. The cheapest storyline—but also the one with
the least CO2 reduction—was storyline A using NG ad CCS. The next best options would
be storyline C with increasing electrification (similar costs to BAU case, CO2 reduction of
45%), storyline E2 with an increase in costs of 8% and a CO2 reduction of 51% and then
scenario F with a switch to BG for steam production and electrified furnaces with a CO2
reduction of 58% and an increase in total costs of 13%. For price scenario ES, the storylines
E1, D and G are not on the pareto front and thus are suboptimal.
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Figure 14. CO2 mitigation and impact of CCS with respect to cost difference to BAU scenario.

4.1. Heat Recovery System

The resulting inter-facility heat recovery system for storyline A and price scenario ESF
is presented in Figure 15 as an example. In this scenario, DHR is considered in all facilities
highlighted through the black stream connections. A HP is only placed in the CAL for heat
recovery and all facilities are connected through the LTD.

Figure 15. heat exchanger network (HEN) for storyline A and price scenario ESF.

Investments in DHR were very similar throughout all of the storylines. All cost data
presented in the following is normalised with total costs from the base case. In 2020,
between 0.15% and 0.18% were invested in HEX for DHR for both price scenarios and in
2035, replacements of 0.05% to 0.15% were purchased. This resulted in average investments
of 0.27% in price scenario ESF and 0.28% in price scenario ES for the entire duration.

Table 4 shows which heat recovery measures were part of the optimal solution in
the individual storylines and price scenarios. For all storylines and both price scenarios,
the LTD system was installed, connecting all facilities in 2020. However, the system was not
renewed in 2035 in storylines D, F and G with electrification of all furnaces starting in this
period. In all other scenarios, heat loads in the HEX connecting the LTD to the individual
facilities were increased and thus replacement costs for HEX were approximately 0.65%
compared to the initial costs of around 0.28%.

HPs are part of the optimal solution for all storylines except for storyline B. In the
other storylines, total investments of 0.07% to 0.91% were realised in scenario ESF with
an average of 0.52% and 4.35% in story line G, whereas for ES, investments decrease to
an average of 0.36% for storylines A to F. HP costs for storyline G remained the same
with 4.35%.



Energies 2023, 16, 852 17 of 21

Table 4. Usage of heat recovery measures (X: used in both energy price scenarios, -: not used at all)
for the HSM, GAL, CAL and PL.

HSM GAL CAL PL

story line DHR HP LTD DHR HP LTD DHR HP LTD DHR HP LTD

0 - - - - - - - - - - - -
A X - X X - X X X X X - X
B X - X X - X X - X - - X
C X X X X - X X X X X X X
D X X X X - X X X X X X X
E1 X - X X - X X X X X X X
E2 X X X X - X X X X X X X
F X X X X - X X X X X EFS X
G X X X X - X X X X X X X

For all storylines, other than the electrification storyline G, total CAPEX are in the
range of 1.15% to 2.07%. CAPEX for G was 5.27% for both energy price scenarios.

Total costs can be reduced significantly compared to the base case by 53% to 100%
depending on the storyline. All storylines with excess heat available from the HSM in
2035–2050 resulted in a high cost reduction of at least 90%. Cost reduction for storylines
with electrified furnaces in the HSM (C, D, F, G) cost reduction was decreased to 55% to 86%.
Insensitive of electricity price scenario and fuel type in the HSM, heat recovery measures
reduced total costs for the considered period considerably. Average annual savings were
2.13% to 3.33% of the total costs of the base case per year. Average payback periods were
0.4 to 1.6 years depending on price scenario and storyline.

The specific energy consumption for steam generation in the BAU case was 79.4 MJ
per tonne of steel. Since the present work aims at a reduction in steam generation, this
value represents the potentials for energy savings by means of heat recovery. Depending
on the storyline and price scenarios, a reduction of 50.4 to 79.4 MJ/t for steam generation
was obtained. Energy consumption for HPs was in the range of 0 to 9.6 MJ/t and has been
included. CO2 emissions for steam production in the base case were 463.6 ktCO2 . Using
DHR, emissions were drastically reduced in storylines A, B, C, E1, E2, F (BG for steam
production) and G (internal electrified steam generation) to 0 ktCO2 to 50.9 ktCO2 . Only in
storyline D, emissions remain relatively high at 153.3 and 168.5 ktCO2 depending on price
scenarios. In all scenarios and storylines, CO2 mitigation could be realised and, at the same
time, cost savings can be achieved. On average, external steam demand is reduced by 90%
(ESF) and 88% (ES). Higher electricity prices reduce the usage of HPs, which in turn, results
in a higher utility purchase. Even though it would theoretically still be possible to supply
the GAL and CAL facilities with electrified furnaces with heat from the HSM under the
assumption of a minimum approach temperature in HEX of 30 ◦C and a temperature of
120 ◦C for the LTD system, it does not make sense from an economic viewpoint.

4.2. Fuel Switch in the Hot Strip Mill

Regarding CO2 mitigation in the finishing line fuel switching in the HSM has a much
larger lever compared to heat recovery measures since the primary energy consumption of
the large furnace is 10 times higher compared to the energy used for steam production.

4.3. Impact of Carbon Capture and Storage

Using the price forecasts shown in Figure 5, implementation of CCS becomes favourable
compared to CO2 certificates in 2030. For all analyses in this work, it was assumed that
CCS is applied as soon as this threshold is passed. Additionally, in Figure 14, cost reduction
and CO2 mitigation is depicted for the cases where CCS is always used, despite the un-
favourable economics and where CCS is never used. Clearly, for both cases, costs increase;
however, if CCS is always used starting from the beginning, the cumulative emission
reduction is significant. For story lines B, D, F and G, cumulative emissions can be reduced
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by 77%. At this point, it needs to be emphasised that the cost assumption for CCS will be
underestimated if the system is used only for a short period of time and thus needs to be
treated with caution.

5. Conclusions

The results of the presented study show that the cost-optimised usage of heat recovery
measures is relatively independent of the price scenarios for electricity and hydrogen
and that with current and future energy prices heat recovery will be a business case with
low payback periods with average payback periods below 2 years, where longer payback
periods need to be expected for inter-facility heat exchange and relatively short payback
periods for DHR. Potential reductions of specific energy consumption for steam production
of up to 79 MJ/t steel could be obtained. In a similar study by McBrien et al. [8], they
identified theoretical potentials of up to 3 GJ/t reduction, but they considered all heating
and cooling requirements in an integrated steel mill, including the steel shop and the
coking plant. Moreover, they allowed for stream connections that are difficult due to
limited technical feasibility and prohibitive distances. Considering total CO2 emissions in
the steel production, the contribution to CO2-mitigation of heat recovery measures is low
compared to a switch to carbon-free fuels in the reheating furnaces (HSM, GAL, CAL) in
the finishing line. In the use case presented in this work, steam supply that can be reduced
through heat recovery accounts for only 7% of the finishing line’s total emissions. However,
costs for a fuel switch strongly depend on price scenarios and thus switching fuels can both
increase or decrease overall costs whereas heat recovery is always worthwhile and reduces
overall costs. The analysis showed that the usage of HPs shows the largest dependency
regarding energy prices; however, in both considered price scenarios, HPs were introduced
into the system to a very similar extent. The overall range of change in total costs for
the energy supply in the finishing line from 2020 to 2050 lies between −28% and + 15%
compared to the BAU case. Considering the cost assumptions for this study, employment of
BG as a substitution for by-product gases and NG is cost efficient if available. Considering
bio energy and carbon capture (BECCS), BG could be even more promising since carbon
emissions could be net-negative and at some point, CCS will likely become cheaper than
purchasing CO2 certificates. Without considering BECCS, cumulative CO2 emissions in the
finishing line of the considered steel plant can be reduced by up to 80% if CCS is used right
away, whereas in the case where CCS is used from the point where it is competitive in terms
of economics cumulative emissions are reduced by 60% through a switch to carbon-neutral
fuels in 2035, such as BG, hydrogen or electrified furnaces. In the present study, the time of
fuel switches was imposed as a boundary condition; however, in future work, this could
also be subject to optimisation. Furthermore, methanation should be considered in future
work as it could reduce risks related with retrofitting of existing furnaces and thus facilitate
usage of hydrogen as fuel.
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Nomenclature

Acronyms
BAU business-as-usual
BECCS bio energy and carbon capture and storage
BG biogas
BOF basic oxygen furnace
BOFG basic oxygen furnace gas
CAL continuous annealing line
CCS carbon capture and storage
COP coefficient of performance
DHR direct heat recovery
DRI direct reduction iron
EAF electric arc furnace
ES energy price scenario Spain
ESF energy price scenario Spain - falling prices
GAL galvanising line
HEN heat exchanger network
HENS heat exchanger network synthesis
HEX heat exchanger
HP heat pump
HSM hot strip mill
IEA International Energy Agency
LTD low temperature distribution system
MILP mixed-integer linear programming
MINLP mixed-integer nonlinear programming
NG natural gas
PL pickling line
Sets
FAC facilities
I hot process stream
J hot process stream
TYPE heat exchanger types
Parameters
η efficiency (-)
M big-M coefficient (-)
c cost coefficient (EUR)
CCAP.PIP capital costs for piping (EUR)
ccepci price index (-)
CINS specific insulation costs (EUR/m)
CP.CS specific piping costs (EUR/m)
cred cost reduction factor (-)
Dact actual pipe diameter (cm)
Dn nominal pipe diameter (cm)
FBM bare module factor (-)
L piping length (m)
Tin inlet temperature (◦C)
Tout outlet temperature (◦C)
Tsource source temperature for heat pump (K)
Tout outlet temperature (◦C)
Tamb ambient temperature (◦C)
vpip flow velocity (m/s)
Subscripts
f index for facility
i index for hot process stream
INS subscript for insulation
j index for cold process stream
P.CS subscript for piping base costs
t index for time interval
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Superscripts
c condenser
Direct direct heat exchange
e evaporator
el electric
fix fixed costs
fuel fuel specific
HEX heat exchanger
LTD low temperature distribution system
PSC cold process stream
PSH hot process stream
real realised costs
type heat exchanger type
UC cold utility
UH hot utility
UIC cold intermediate utility
UIH hot intermediate utility
unit unit in the supply system
v virtual heat load
var variable costs
Variables
CAP capacity of supply unit
TAC total annual cost (EUR)
C cost (EUR)
COP coefficient of performance
E energy flow (kW)
l thermal losses (kWh)
P power consumption (MW)
Q thermal power (MW)
T temperature (◦C)
y continuous variable
z binary variable (-)
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