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To combat global warming, industry needs to find ways to reduce its carbon footprint.
One way this can be done is by re-use of industrial flue gases to produce value-added
chemicals. Prime example feedstocks for the chemical industry are the three flue gases
produced during conventional steel production: blast furnace gas (BFG), basic oxygen
furnace gas (BOFG), and coke oven gas (COG), due to their relatively high CO, CO»,
or Ho content, allowing the production of carbon-based chemicals such as methanol
or polymers. It is essential to know for decision-makers if using steel mill gas as a
feedstock is more economically favorable and offers a lower global warming impact
than benchmark CO and Hs. Also, crucial information is which of the three steel mill
gases is the most favorable and under what conditions. This study presents a method
for the estimation of the economic value and global warming impact of steel mill gases,
depending on the amount of steel mill gas being utilized by the steel production plant
for different purposes at a given time and the economic cost and greenhouse gas
(GHG) emissions required to replace these usages. Furthermore, this paper investigates
storage solutions for steel mill gas. Replacement cost per ton of CO is found to be
less than the benchmark for both BFG (50-70 €/ton) and BOFG (100-130 €/ton), and
replacement cost per ton of Ho (1800-2100 €/ton) is slightly less than the benchmark
for COG. Of the three kinds of steel mill gas, blast furnace gas is found to be the most
economically favorable while also requiring the least emissions to replace per ton of
CO and CO». The GHG emissions replacement required to use BFG (0.43-0.55 tons-
COs-eq./ton CO) is less than for conventional processes to produce CO and CO», and
therefore BFG, in particular, is a potentially desirable chemical feedstock. The method
used by this model could also easily be used to determine the value of flue gases from
other industrial plants.

Keywords: steel, flue gas, life cycle assesment, techno-economic assessment, CCU, CO,, utilization

Abbreviations: BFG, blast furnace gas; BOFG, basic oxygen furnace gas; COG, coke oven gas; CHP, combined heat and
power plant; GHG, greenhouse gas; LCA, life cycle assessment; TEA, techno-economic assessment.
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INTRODUCTION

Greenhouse gas (GHG) emissions such as CO; from industry
continue to rise worldwide despite efforts to decrease emissions,
such as stated in the 2015 Paris agreement, which aims to
limit global warming to 2°C and make efforts to limit it to
1.5°C (Jarraud and Steiner, 2014; IEA, 2017; Rogelj et al,
2018). The steel industry is one of the major emitters of CO,,
with the sector being responsible for around 6% of total CO,
emissions globally, making it also the largest industrial emitter.
Additionally, the industry grew by 6.9% annually between 2000
and 2014 (He and Wang, 2017; World Steel Association, 2020)
and is expected to reach 2200 Mt of crude steel production
in 2050 (Bellevrat and Menanteau, 2009), primarily due to
demand in developing countries for infrastructure. Therefore, the
industry’s emissions are predicted to increase naturally in the
mid-term future. Consequently, to meet the Paris agreement’s
emissions requirements, the emissions of steel production must
be significantly lowered or completely stopped.

There are many possible process routes for decarbonizing the
steel industry (He and Wang, 2017), [(Hasanbeigi et al., 2014),
both in the iron-making and steelmaking parts of the process.
However, these are yet to see actual implementation and often
end up stuck in the development stage. Most of these pathways
are not economically feasible without implementing a carbon tax
or other subsidy (Fischedick et al., 2014). Investment cycles in
the industry are comparably long due to a combination of factors
such as the age and conservative nature of the industry, the fact
that the steelmaking process has not changed significantly in a
long time, and the vast investment costs required to build a steel
plant, as well as the lifetime of the plant (Arens et al., 2017).
Unfortunately, this makes it challenging to implement process
changes that reduce emissions within the Paris agreement’s time
scales. Therefore, to meet the goal of sufficient GHG reductions
in the steel industry in the short to mid-term future, the
CO; emissions from steel mills must be captured and either
sequestrated or utilized (Gabrielli et al., 2020).

One method of reducing emissions is utilizing emitted steel
mill gas for chemical products, requiring industrial symbiosis
between the steel and chemical industry (Zimmermann and Kant,
2017). While the chemical industry’s emissions are smaller than
those of the steel industry, it is regardless a large emitter being
directly responsible for around 2% of global GHG emissions
(Leimkiihler, 2010). Similar to the steel industry, the chemical
industry is thus under political pressure to cut emissions. As
most chemical feedstocks consume hydrocarbons, producing
chemicals from industrial waste gases instead of fossil fuels
could be a viable way to decrease total CO, emissions; this
is because CO;, from flue gas, which otherwise would have
been emitted, ends up in a chemical product instead (Abanades
et al., 2017; Rogelj et al., 2018; Gabrielli et al., 2020). Although
this CO, will be released into the atmosphere at the end
of life of the chemical, flue gas utilization can reduce the
chemical’s overall emissions as it reuses carbon and thereby
reduces the consumption of additional fossil carbon (Artz et al.,
2018). Flue gas utilization (in particular CO;) is a growing
field, and many chemical producers have been investigating

industrial waste gases as an alternative feedstock (Bruhn et al.,
2016; SAPEA, 2018). In steel mill gas, CO or H, are more
likely to be the most desirable components for most chemical
producers than CO,. However, the utilization of these also
saves CO, emissions, as the CO would be combusted to CO,
and released into the atmosphere if unused, and conventional
methods of H, production produce relatively high CO, emissions
(Dufour et al., 2011).

One instance is the Carbon4PUR project, which aims to
use the CO and CO, in steel mill gas as a feedstock to
produce polyurethanes (Carbon4PUR, 2020a). In this process,
steel mill gases are used without separation or purification
of the desirable components. Although the feedstock is less
pure, expensive separation is avoided. An important question
for both the chemical and steel producers in Carbon4PUR
and similar projects is how much these steel mill gases are
worth. Chemical producers must know how much their potential
feedstock costs for economic planning purposes; likewise, steel
producers need to ensure they receive adequate compensation
for the waste gas in order to avoid a loss. Although some
papers have assessed the usage of steel mill gas for chemical
processes and its calorific value (Joseck et al., 2008; Chen et al.,
2011; Lundgren et al., 2013; Uribe-Soto et al., 2017; Frey et al,,
2018), literature has not yet evaluated in detail the economic
and environmental impact, and most research on processes using
steel mill gases as a feedstock either do not account for any
direct purchase cost (Ou et al., 2013) or just assume a static
standard cost that may not accurately represent the value that
steel mill gas provides to the steel mill (Lundgren et al., 2013;
Yildirim et al., 2018).

Therefore, developing a framework or model to estimate the
value of the waste gas is crucial information for both industries.
Ideally, the framework should be replicable and easily alterable
for all steel plants and chemical producers, and potentially other
sectors both producing and looking to utilize waste gases as well.
It should thus be based on parameters that are as generic as
possible, for example usage of the waste gases in the steel mill,
production capacity of the chemical company, and composition
of the waste gas, all of which affect the value of the gas. Essentially,
the economic value of the waste gas depends upon what the steel
mill uses it for and the financial benefit the plant gains from this
usage. Determination of this benefit is key to estimating the cost
of the waste gas for other parties and therefore also its synergetic
potential. As well as the economic benefit, environmental benefit
in terms of greenhouse gas (GHG) emissions avoided is also
essential information, as the usual motivation behind flue gas
utilization processes is a reduction of emissions. Decision-makers
could also base decisions on how much GHG emissions they
want to avoid or a combined economic and environmental
indicator such as the “cost of CO, avoided” (Zimmermann
et al., 2020a). For such processes, integrated economic and
environmental reporting is necessary for decision-makers to
make a fully informed judgment (Zimmermann and Schomicker,
2017; Wunderlich et al., 2020). In addition to simply knowing
the cost of the steel mill gases, in order for it to be properly
competitive, it must be economically and/or environmentally
favorable when compared to conventional feedstocks.

Frontiers in Energy Research | www.frontiersin.org

May 2021 | Volume 9 | Article 642162


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Collis et al.

Economic Environmental Analysis Steel Gas

BACKGROUND

Steelmaking Process
Steel is predominantly produced using an integrated steel mill,
which combines iron production in a blast furnace (BF) and steel
production in a basic oxygen furnace (BOF), and is responsible
for 74.3% of worldwide steel production (Uribe-Soto et al., 2017).
The second most commonly used process route is the electric
arc furnace, and in the future other steel-making routes such
as direct reduction based on H; are expected to be extensively
adopted (Mazumdar and Evans, 2009; PwC, 2016; Arens et al.,
2017). The European Steel Association classifies technological
pathways for CO, emissions reduction into two main groups:
Smart Carbon Usage, which includes CO, and CO utilization
and storage with little change to the actual steel-making process,
and Carbon Direct Avoidance, which are major changes to the
process route, such as the use of Hy, biomass, or electricity as the
reduction agent for iron ore, instead of CO from coal as is used
presently in the integrated steel mill (Wei et al., 2013; EUROFER,
2019). Forecasts suggest that while new carbon-avoiding process
routes will eventually make up a significant fraction of European
steel production, it is likely that more than 50% of steel being
produced in 2050 will still be produced by the integrated BF-
BOF route, largely due to the long investment cycles and lifetime
of steel mills, and that flue gas utilization and storage will be
required in 2050 (Arens et al.,, 2017; EUROFER, 2019). Therefore,
this work focuses primarily on the integrated steel mill route.
Firstly, coke is produced from heating coal in an oxygen-
deprived coke oven. Iron ores, which are iron oxides, are fed into
the BF as pellets, lump ores, or sinter. There they are reduced
to pig iron with a carbon content of about 4.5% using reducing
agents such as CO from the oxidization of coke in hot air.
Limestone is also introduced to the BF to reduce impurities like
silicon or phosphorus. The pig iron is then turned to steel in the
BOF. Oxygen is used to lower the carbon content in the steel

to around 0.1%, as well as to remove further impurities such as
nickel and chromium (Ho et al., 2013). The integrated steel mill
process is shown in Figure 1, along with the three different steel
mill gases produced - coke oven gas (COG), blast furnace gas
(BFG), and basic oxygen furnace gas (BOFG); the compositions
and relative amounts of these gases are shown in Table 1. BFG
is by far the largest stream, with a share of around 85 vol% of
the produced gas. However, COG and BOFG are also potentially
useful gases as a chemical feedstock due to the comparably high
H, and carbon content, respectively (Joseck et al., 2008).

Current Usages for Steel Mill Gases

As steel mill gases are only partially combusted, they provide
energy for different usages in the plant. These can be clustered
as follows, two of which provide useful energy and one for
emergencies:

Electricity Generation

The steel mill gases are used to generate electricity or steam while
being co-fired with natural gas or coal in a power plant. The
electricity can be used on-site or sold to the electricity grid.

Heat Generation
The steel mill gases are burned in burners on-site for heat
generation within the plant.

Flaring
In some emergency situations, such as a build-up in gas pressure
or failure of equipment, the gas must be flared (Damodara, 2018).
The flared gas is not useful in any way to the steel producer.
Most steel mill gases (73.3% when averaged across all three
gases) are used for the generation of electricity, with the bulk of
the rest being used for heating, although this differs from plant
to plant. Often, the usage of the gases can be switched on short
notice, particularly if they are being combusted in a combined
heat and power plant (CHP). The amount of gas flared varies
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P m—— >
: Blast furnace gas (BFG) Heat and
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! : ___,| power plant
I I I
| I |
I |
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FIGURE 1 | Diagram of an integrated steel mill, showing the main unit operations and where the three steel mill gases are produced. Adapted from

Wiley et al. (2011).
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TABLE 1 | Compositions and other key values for each steel mill gas for a modern
steel mill producing 6 Mt of steel per year (Uribe-Soto et al., 2017).

Mole composition BFG BOFG COG Mix of all 3
CO 23.5 54 4.1 23.9
CO» 21.6 20 1.2 20.5
Ho 3.7 3.2 60.7 6.5
CHgy 0 0 22.0 1.1
CxHy 0 0 2 0.1
No 46.6 18.1 5.9 43.3
H,O 4.0 4 4 4

Ar + Oy 0.6 0.7 0.2 0.6
Flow rate (Nm3/h) 730,000 35,000 40,000 805,000
LHV (kJ/Nm?3) 3,365 7,163 15,660 4,141
Thermal power (MW) 682 70 174 926

from around 0.1 vol% to 22 vol% (U.S. Department of Energy
[DOE], 2010; Lundgren et al., 2013), with the average European
steel plant flaring 2 vol% of their gas. Flare rates above 5 vol%
typically only occur in modern plants where there is a failure or
maintenance on one of the pipelines or power plant components.
All three types of steel mill gas can be used for any of these
purposes using a gas management system (U.S. Department of
Energy [DOE], 2010; Lundgren et al., 2013; Sadlowski and Van
Beek, 2020), although BFG is usually only used for heating in
particular uses such as the coke plant or in combination with
another fuel due to its lower flame temperature (Hou et al., 2011).
The usage of the gas for either heating or electricity generation by
the steel mill depends on factors unique to each steel mill, such as
the presence of cold rolling or coating lines or the location of the
coke oven within the plant (Carbon4PUR, 2020b).

Chemical Uses for Steel Mill Gases

The chemical industry currently depends significantly on fossil
fuels for chemical production, leading to high carbon footprints
(and fossil depletion) of chemical products. Due to the relatively
high CO, CO,, and H; content in steel mill gases, they are a
potentially attractive alternative as a feedstock for the chemical
industry. Desired molecules could be captured, or products could
be produced directly from the gas, leading to an extensive range
of possible chemical products (Stie3el et al., 2018). Although
there have been many studies on producing basic chemicals from
pure CO; (Aresta, 2010; Quadrelli et al., 2011; Artz et al., 2018;
Chauvy et al,, 2019), there has been hardly any work focusing
on using combinations of CO and CO; (as is present in BFG).
If steel mill gases could be directly used, it could be economically
beneficial as it would avoid expensive separation and purification
of the gas. Both the CO and CO, present can be reacted with H,
to produce valuable hydrocarbons. Economic assessments could
then be performed to determine if the benefit from a purer feed
stream outweighs the cost of separation for a particular process,
as is the case in Carbon4PUR.

Many chemical syntheses from pure CO, are limited
environmentally and economically due to the amount of H;
required to produce products. For CO, utilization to be
environmentally advantageous, this H, has to be provided by a

low-emissions source (such as electrolysis based on renewable
electricity), which is still comparatively expensive (6700 €/ton),
despite efforts to reduce cost (Saur and Ramsden, 2011; Gielen
et al., 2019; IEA, 2019). H, from COG could be captured
using pressure swing adsorption and used for this purpose
(Flores-Granobles and Saeys, 2020). A summary of some possible
utilization options from steel mill gases is shown in Figure 2. It
is estimated that the entire demand for methanol and ethanol in
Europe could be met if 77% of the steel mill gases produced in
Europe were used for chemical production (CORESYM, 2017).

The largest barrier facing the utilization of steel mill gases for
chemical production at the present is mostly the technological
development of processes that are both economically and
environmentally competitive with conventional processes. Other
problems are logistical in nature, such as finding locations where
chemical plants are in close proximity to steel mills, or who
would take ownership of the chemical plant if a new one was
to be constructed on the site of the steel mill. The Carbon4PUR
consortium addresses these problems with specialized work
packages (Carbon4PUR, 2020a).

Current Literature on Steel Mill Gas

Valuation

Although there have been many techno-economic and life cycle
assessments on the use of steel mill gases as a feedstock for
chemical processes, most do not take into account any cost or
GHG emissions for using steel mill gas as a feedstock, despite the
gas providing energetic value to the steel mill. Ou et al. (2013)
justify this by assuming that the steel mill gas used for their
chemical process is gas that would otherwise have been flared;
while this may be a valid assumption in China, where flaring rates
are very high, this is not a valid assumption for a continuous
process in Western Europe as the amount of flared gas ranges
from 0.1 to 22 vol%, averaging around 2 vol% (Lundgren et al.,
2013; Carbon4PUR, 2020b). Other studies do not provide any
justification for their assumption of zero replacement cost or
emissions (CORESYM, 2017; Deng and Adams, 2020). Those
studies that do assume a purchase cost for steel mill gases usually
assume a constant cost that may not accurately compensate the
steel mill for the real value that steel mill gases provide for a
given plant. Lundgren et al. (2013) assume a constant cost of
22.4 €/ MWh for COG, while BFG and BOFG are assumed to
be free. Yildirim et al. (2018) assume that COG will be replaced
by natural gas within the plant, and the purchase cost of COG
is effectively the cost of natural gas required to replace it. While
this is an informed assumption, it neglects the other usages of
steel mill gases (electricity generation and flaring) and how that
varies dynamically, and again no purchase cost for BEG or BOFG
is assumed. Lee et al. (2020) is the only study found to assume a
purchase cost for BOFG as well as COG, using a static value for
the cost of natural gas required to replace their energetic value.
Likewise, the life cycle assessment conducted by Thonemann
et al. (2018) assume natural gas replaces all steel mill gases
consumed. No studies found have thus far considered replacing
the electricity generated at the power plant, nor considered a
dynamic model where the cost is based on the real-time steel
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FIGURE 2 | Summary of possible utilization options from steel mill gas adapted from Milani et al. (2015) and Hernandez et al. (2017).

Heat and
electricity

mill gas usages and the prices of the utilities required to replace
them. More accurate estimates for the cost of steel mill gas
that fairly reflect the value it provides to the steel mill are
beneficial to both the chemical and steel producer to ensure
adequate compensation for the steel mill gas and to allow for
more precise techno-economic and life cycle assessments on
future technologies.

GOAL AND SCOPE

The main goal of the study is to investigate the economic cost
and environmental implication of using steel mill gases as a
chemical feedstock in order to assess its synergetic potential.
As a first step, the value of the gases to the steel mill must
be derived. The steel producer gains energy in the form of
heat and electricity from burning the steel mill gases, which
can be used on-site or sold to the grid. Knowing the value
this gas generates is crucial in order to derive the cost the
chemical producer must pay for the steel mill gases, which
they aim to use as a substitute for other feedstocks to produce
and sell chemicals. Secondly, to be considered as a potential
feedstock by a chemical company, utilization of the steel mill
gases has to be more economically and/or environmentally
attractive than conventional feedstocks. The benchmarks for the
study are discussed in detail in Benchmark Definition. The

findings of this study could then be used as an input to further,
more specific techno-economic and life-cycle assessments on
a particular chemical process. Intermediate gas storage will
also be considered and assessed for potential economic and
environmental benefits. A storage tank could be implemented
to increase the amounts of flare gas used, which would decrease
the replacement cost and global warming impact. The scope of
the study includes the steel mill gas usages, from the moment
the gases are produced to their consumption for heat or power
generation, as shown in Figure 3. Any chemical processes or
gas processing, transport of the gases, separation, or treatment
needed for such processes is not included in the scope of this
study. The goal is to determine the value of the “feedstock
stream” as shown in Figure 3 which also provides an indication
of the purchase cost for the chemical producer, by using
an estimate for the cost of replacing the energetic value the
steel mill gas provides to the steel mill. The environmental
analysis aims to then study the associated GHG emissions of
the replacement.

Benchmark Definition

For the utilization of steel mill gases as a feedstock to become
adopted, it must perform better than conventional feedstocks at
whichever economic or environmental metrics are considered
important by individual decision-makers. Benchmark feedstocks
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FIGURE 3 | The scope of the study, including the usages of the steel mill gases and their replacements. Optional storage is shown in dashed lines.

for steel mill gases are the base chemicals that are the most
valuable components in each steel mill gas - CO for BFG and
BOFG, and H; for COG. Although CO, is also a potentially
valuable component of BFG and BOFG for CO; utilization
processes, if it was desired as the only product, it could simply be
taken from the waste steel mill gases after combustion in the CHP
at a higher concentration. Therefore, it will only be considered as
a “secondary” feedstock or benchmark, useful in such processes
that are designed to use both CO and CO,. However, although
CO; is more likely to be used as an additional feedstock than
the main one, if it is used in a process alongside CO, such
as the Carbon4PUR process, knowing the replacement cost is
valuable information.

The benchmark for CO is defined to be CO produced from
fossil fuels through coal gasification, which has production costs
of around 440 €/ton (Pei et al.,, 2016) and a GHG emissions
impact of approximately 1.25 kg-CO,-eq./kg CO (Wernet et al.,
2016) for a cradle-to-gate system boundary.

For H,, two benchmarks are defined: firstly, a steam reforming
process, representing conventional, fossil-based H, production,
and a solar-powered electrolyzer process, representing an
alternative non-fossil-based production method. The steam
reforming process has production costs of around 2200 €/ton,
and the electrolysis method currently around 6700 €/ton (Gielen
et al,, 2019). Steam reforming has a GHG emissions impact of
4.8 kg-CO;z-eq./kg Hy (Dufour et al,, 2011) and solar-powered

electrolysis of around 2.0 kg-CO,-eq./kg H, (Bhandari et al.,
2014) when taking into account cradle-to-gate emissions.

As well as a comparison to conventional benchmark
feedstocks, from an environmental perspective, usage of steel
mill gases should reduce overall emissions from the system, i.e.,
replacing the heat and electricity to the steel mill should not
generate more emissions than the steel mill gases otherwise would
have. Therefore, the emissions results from this study are also
compared to a “viability point,” above which emissions are no
longer saved when steel mill gases are used.

Scenario Definition

The base scenario is defined as a mid-flaring, mid-capacity steel
mill in the year 2017 in France using BFG. Variables that are
altered and compared are done so from this base scenario. For
example, if differing capacities are being compared, they are done
so at a mid-flaring level in 2017. In most cases, both countries
studied are also compared directly.

Germany and France are selected as the studied countries
because they are both large economies with substantial chemical
and steel industry (Statista, 2020), as well as containing particular
locations where such a symbiosis could take place (Fos sur Mer
in France, Ruhrgebiet in Germany). There is a large difference in
how electricity is produced for the grid in each country, making
both economic and environmental comparisons interesting.
France’s electricity grid has one of the lowest GHG emissions
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intensities in Western Europe, while Germany has one of the
highest, making it possible to see results for both “best” and
“worst” case scenarios.

The gas feedstock capacities are selected based on appropriate
amounts required for example processes, as mentioned in the list
below. The maximum capacity for BOFG and COG is around 400
and 250 kt/a, respectively, and therefore that was the upper limit
that was simulated for them. The average flare rate in European
steel mills is around 2 vol%, and this was consequently chosen as
the value for the base scenario. Boundaries as low as 0.5 vol% and
as high as 5 vol% were also simulated to ensure the limits of most
modern steel mills are covered.

All three types of steel mill gas are considered in this study.
For smaller chemical syntheses, solely BOFG or COG could be
used for the feedstock, but using BFG is required for larger plant
capacities. It is believed that most steel mill flue gas utilization
processes will focus on solely using BFG, as it accounts for
roughly 85% of the emitted steel mill gases. However, some
processes utilizing multiple gas streams are under research, such
as the production of syngas by mixing BFG and COG (Lundgren
etal., 2013).

The year 2017 is chosen as the base year of the study as initial
research was started this year; neither grid prices nor emissions
factors have significantly altered since then. As a future scenario,
the year 2050 is selected due to the relative abundance of data
available for grid emissions predictions for this time; as well as
this, many countries and industries have set specific emissions-
related goals for 2050. Forecasts predict that the majority of steel
produced in 2050 will still be by the integrated steel mill route
and that steel mill gas utilization will be required to meet 2050
emissions targets (EUROFER, 2019). This scenario only analyses
GHG emissions; utility price predictions 30 years in the future are
too uncertain to be used.

In summary, the following possibilities for each variable were
thereby derived:

Location:

e France.
o Germany.

Gas capacity:

e Low capacity — 25 kt/a — Very small industrial plant (e.g.,
specialty chemicals such as rubbers).

e Mid capacity — 100 kt/a - Medium-sized industrial plant
(e.g., common polymers, intermediate chemicals such
as polyethylene).

e High capacity — the highest feasible scale of gas usage (BFG:
1000 kt/a or BOFG: 400 kt/a or COG: 250 kt/a) - very
large industrial plant (e.g., large scale base chemicals such
as methanol) (different plant sizes here are due to the three
gases having different quantities).

Type of steel mill gas used as feedstock:

e BFG - Used for most flue gas utilization processes studied
thus far due to very large capacity.

e BOFG - Useful if gas is desired with slightly higher carbon
content than BFG.
e COG - Useful if Hy or CHy is desired.

Mill flaring rates:

e Low flaring - 0.5 vol% — more likely in modern plants.

e Mid flaring - 2 vol% - average flaring rate for
European steel mills.

e High flaring - 5 vol% — could happen in circumstances with
ongoing maintenance or broken parts in the power plant or
heat generation systems.

Year:

e 2017 - Reflecting present time grid emissions intensity.
e 2050 - Reflecting future grid emissions intensity (from
ecoinvent 3.6, 450 2050 scenario).

Any of these variables can be changed to create a multitude of
possible unique scenarios, one “branch” of which is demonstrated
in Figure 4.

DATA COLLECTION AND MANIPULATION

Data Collection and Assumptions

Data were obtained from a major steel producer from two of
their steel mills detailing how much gas is used for electricity
generation, heating, or is flared. One of the datasets covers a
representative 2-month period on a 10 min basis, while the
other has measurements on an hourly basis over a complete
year. One of these mills (hereafter referred to as the “non-
efficient case”) had a particularly high flaring rate due to technical
issues (one of the highest flaring rates in Western Europe), and
the other (“efficient case”) had one of the lowest flaring rates
in Western Europe.

The spot market prices for both electricity and natural gas in
both Germany and France were obtained for the year 2017. It is
assumed that these prices have not greatly varied since 2017 and
that the random fluctuations present in the price are of the order
of magnitude that can also be found in previous or later years.

The greenhouse gas emissions are calculated using LCA data
on global warming impact from ecoinvent 3.6 (cut-off system
model) [tons-CO,-eq,/kWh] (Wernet et al., 2016). The share of
electricity generated in Germany and France from each source
type (coal, wind, etc.) was found for every hour over the year
2017 (Bundesministerium fiir Umwelt, 2020; ENTSOE, 2020;
Fraunhofer, 2020; RTE, 2020; Umweltbundesamt, 2020). For the
scenarios set in 2050, data for the predicted carbon intensity of
the grid, again in [tons-CO,-eq,/kWh], was also obtained from
ecoinvent 3.6 (Stehfest et al., 2014; Mendoza Beltran et al., 2020).

It is important to note that the power plant and burner
efficiency has an impact on the value the gas provides for
electricity generation or heating purposes (Worrell et al., 2010).
The power plants in steel mills have efficiencies that vary from
0.3 t0 0.5 (Kim and Lee, 2018). An efficiency of 0.36 is commonly
used in literature (Harvey et al., 1995; Kim and Lee, 2018), and
the same value was chosen for this study after discussion with a
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FIGURE 4 | Tree diagram of the different scenarios possible by changing model parameters. Only one “branch” is shown for diagram simplicity.
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steel manufacturer. Higher efficiencies mean that more electricity
or heat can be generated for a certain amount of steel mill
gases in the power plants, resulting in the steel mill gases
being more valuable.

Simulation of Steel Mill Flaring Data

From the flaring patterns in the data obtained from the steel mill,
a flaring pattern for an average Western European steel mill is
simulated. As the “non-efficient case” has a very atypical flaring
pattern due to technical issues, the simulation for the study was
based on the patterns in the data set from the “efficient case.” It is
assumed that the flaring pattern for the average case would look
similar to the efficient case but simply scaled up.

A discrete-time Markov chain is implemented to simulate
flaring patterns across a range of potential steel plants (Mcbratney
and Everitt, 2002; Towers, 2016; Gagniuc, 2017). Three Markov
transition matrices are created from the amount of gas being
flared every hour, wherein the first bin of the first matrix contains
the second Markov transition matrix, and likewise with the
second to the third, as illustrated in Figure 5. With this method,
both appropriate resolution and probability of flaring events are
retained from the original data. Two variables are considered to
be critical to the replication of realistic flaring data: the frequency
of times when flaring is zero and the overall average volume
of gases flared (essentially equal to flaring rate). Realistic ranges
for these variables were created using linear regression from the
data provided by the steel manufacturer for multiple steel mills.
The heat maps of the Markov transition matrices highlight the
moderate probability of a given flaring amount maintaining a
similar amount into the next hour, as well as the high likelihood
of a flaring event going to zero. Flaring events usually last a
few hours or days and do not change between non-zero values
too erratically.

MODEL DESCRIPTION

Modeling the Replacement Cost of Steel
Mill Gases

The economic value of the steel mill gases depends directly on
the economic value that it supplies to the steel producer. This
economic value is entirely based on the energy gained from
the combustion of the gas. As mentioned in Current Usages
of Steel Mill Gas, the steel mill gases are either combusted for
electricity generation, heat, or are flared. Each of these options
provides a different economic value. Essentially, the steel mill
gases economic value can be viewed as the cost to replace these
usages by another source. For example, if steel mill gases that
would otherwise have been used to generate electricity were
instead used as a chemical feedstock, the electricity that would
have been generated needs to be replaced by another source.
This electricity could either be purchased from the local grid or
generated on-site by other means. Likewise, for heating, the heat
that would have been generated by steel mill gas that is now used
instead as a chemical feedstock could be generated instead by
natural gas or other means.

A single-objective cost-minimization model was created in the
programming platform MATLAB that follows the following logic
tree shown in Figure 6. The model is run according to a logical
hierarchy: first, if there is enough gas being flared at a particular
moment to supply the feedstock demands for a specific chemical
plant, then the gas could be obtained effectively at zero cost by
the chemical producer. Second, when there is not enough flare
gas to meet demand, the electricity gas is taken next, which is
replaced by either buying electricity from the grid or generating
that electricity with natural gas directly. Third, when there is not
enough electricity gas or flaring gas to meet the demand, heating
gas is chosen, and natural gas is burned to replace heat that would
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otherwise have been generated by the steel mill gases. The model
allows for varying the plant capacity (and therefore the amount
of steel mill gases used), the input dataset from the steel mill (or
another industrial plant), the electricity and natural gas prices,
the efficiency of the steel mill, the flaring rate in volume and the
frequency of flaring of the steel mill.

The most desirable steel mill gases to take for chemical
feedstocks are gases that would have otherwise been flared
(hereafter referred to as “flare gas”). In flaring, no energy is
recovered, so no value can be gained. Regarding costs, most
flare stacks are usually required to constantly burn a natural gas
ignition flame, meaning that operating costs are not expected
to differ noticeably during periods where gas is flared or not
(Damodara, 2018). As flaring provides no economic benefit or
value to the steel producer, the replacement cost of flaring gas
(RCfare) is zero, independent of time:

RCpgre =0

Consequently, for the chemical producer, the gas is essentially
free from a material cost basis (capital infrastructure and

transport costs are discussed in section “Estimation of Storage
Potential”) and is the top priority for feedstock gas.

Feedstock gas that would otherwise be used for electricity
generation (hereafter referred to as “electricity gas”) does provide
economic value to the steel producer. Another source must
replace this electricity (or at least the economic value it provides).
In this study, two sources are considered: purchasing electricity
from the grid, and producing electricity directly from natural gas.
Natural gas is already co-fired with BFG in many power plants
due to the comparatively low energetic value of BFG. Therefore,
this process does not require any extra process units nor incur
higher operating costs outside of the cost of natural gas. Steel
mills have a gas management system that allows for the usage
of the gas to be altered on short notice. The replacement cost of
electricity gas (RCelectricity at @ particular time (t) is the cheaper of
the two alternatives at that time:

RCelectricity (t) = min[RCEg(?), RCnG(1)]

It might also be the case that the steel mill would not buy energy
directly from the grid if that is the cheapest option, as electricity
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FIGURE 6 | The three different potential usages of steel mill gases and how
the amount of each one is decided. Fi(t), Ei(t), and Hj(t) are the amounts of
steel mill gas that are taken from flaring, electricity production and heating,
respectively. Dj is the total gas demand. S+ is the amount of gas that cannot
be met by flared gas, and Sy is the amount that cannot be met by flaring or
electricity gas.

is usually produced in excess by the steel mill and sold to the
grid. The chemical company would simply then reimburse the
lost revenue of the steel company, which is essentially the price of
that amount of electricity from the grid at that time.

Feedstock gas that would be otherwise used for heating
(hereafter referred to as heating gas) can only be easily replaced
by natural gas. Burners in a steel mill already have natural gas
present to co-fire with steel mill gases when required, so that the
mill can maintain production in the case of a lack of steel mill
gases due to maintenance or failure in the gas distribution system.
Therefore, the replacement cost of heating gas (RCpeating) at a
particular time (t) is equal to the natural gas price at that time:

Rcheating (t) = RCnc ()

Note that this does not mean that the same volume of natural gas
has to be purchased as that of the steel mill gases that were taken

for feedstock; only the amount of natural gas that replaces the
energetic value that the steel mill gases would have provided.

To calculate the overall replacement cost (RCt), the amount
of steel mill gas taken from each source is multiplied
by the cost to replace it for each source. For detailed
calculations on how the replacement costs are calculated,
refer to the Supplementary Material section “Calculations
for the Choice of Steel Mill Gas Source.” It is assumed
that the steel mill can change between these options on
an hourly basis, based on the fact that they can burn
natural gas in the burners currently with little planning
(Sadlowski and Van Beek, 2020).

Estimation of the GHG Emissions of
Steel Mill Gases Usage

To assess the global warming impact of steel mill gas utilization,
the GHG emissions of the dynamic stream determined by the
cost-minimization model in Modeling the Replacement Cost
of Steel Mill Gases must be calculated. For the year 2017,
if electricity from the grid is used to replace the electricity
generation of the steel mill gases, the amount of grid electricity
that is required at a given hour [Eg(t)] is multiplied by the
share of each gas (x;) and the emissions intensity data for the
respective source (EI;) from ecoinvent, giving a total amount of
GHG emissions for that hour from electricity [GHGE,17(t)] in the
unit of [tons-CO,-eq.]:

GHGer,17 (t) = Er(t) D xi(t) EI;

1

If natural gas is used, either to replace electricity or for heating,
the GHG emissions for that hour from natural gas [GHGng,17(t)]
are determined by multiplying the amount of natural gas required
[NGg(t)] by the emissions factor for natural gas (EIng).

GHGNng,17(t) = NGRg(t) Elng

The total GHG emissions for a given hour [GHGr,17(t)] is then
the sum of both the GHG emissions from electricity and those
from natural gas:

GHGr7,17(t) = GHGNg,17(t) + GHGE,17(1)

For the year 2050, it is assumed that grid electricity would
be cheaper to use than natural gas to replace electricity
generated by steel mill gases due to carbon taxes and
renewable energy development. Therefore, only grid electricity
is used to replace electricity generated by the steel mill gases.
This amount of electricity required to replace the electricity
generation of the used steel mill gases [Er(t)] is multiplied
by the carbon intensity of the grid (Elg) to give the total
GHG emissions for that hour [GHGT 50(t)] in [tons-CO;-eq.].

GHGr,50(t) = ER(t) Elg

It should be noted that in the year 2050 it is unclear if
heating in the steel mill will still be conducted by natural gas
or if it will be replaced by lower-emission forms of heating.
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Some of the solutions currently being investigated include using
bio-methane or biomass, H, that is produced from BFG for
specially developed burners, inductive heating from steel strips
for coating, or simply capturing and storing the emitted CO,
from heating with natural gas (Carbon4PUR, 2020b). However,
these technologies are at a low technology readiness level and
require further development. Due to the very different and
unknown costs and emissions associated with each of these,
as well as the uncertainty of which technology is the most
likely to become widely adopted, these possibilities are not
considered in this analysis. Therefore, GHG emissions for the
2050 scenario could be considered as a conservative estimate;
emissions from steel mill heating will likely be reduced in some
capacity by the year 2050.

It is assumed that the emissions from the rest of the value
chain outside of the scope of the study remain constant and
do not change between a scenario where steel mill gases are
used for chemical production and one where no steel mill
gases are used (for example, that the same amount of steel is
produced, and the same amount of coal is required). In this
case, the emissions determined in this study can be directly
compared to the cradle-to-gate emissions of the benchmarks.
As the emissions required to produce the steel do not change,
the only emissions that can be allocated to steel mill gases as
a feedstock are those emissions required to replace the usage
of the steel mill gases. The end “gate” of the study is the same
point as the benchmarks, which is when a ready feedstock is
produced. The steel will be produced with or without steel mill
gas utilization, and therefore all other and previous emissions are
allocated to the steel production itself, which is the main product
of a steel mill.

Estimation of Storage Potential

If gas storage is to be used, it should be optimally sized for
the given gas capacity. If the storage is too large or small, the
capital investment required might outweigh the savings gained
by reducing steel mill gas replacement costs. The storage size
was an alterable variable in the model, and if gas was flared,
it was taken into the storage until the storage was either full
or there was no more flare gas to be used. At this point,
electricity gas was taken into storage, and finally heating gas if
no more electricity gas was available. This ensures a much higher
ratio of flare gas is used and therefore lowers both cost and
emissions required to replace the steel mill gases. The cost of
the storage tank was determined as follows (Sinnott and Towler,
2009), with a general empirical formula for equipment cost of
unit operations.

Ce=a+hS”in[§]
a

Where a = 97,000, b = 2,800, n = 0.65, and S = size in m> between
100 and 10,000 m*.

The size was then varied to find the optimum
storage size for a particular steel mill. This optimum
was found at the lowest total cost when the annualized
equipment cost for the storage was added to the cost
per year of steel mill gas. The investment cost was then

annualized (Chiuta et al., 2016):

€
annualized CapEx = CapEx %L nl—1
1—(1+i) a

RESULTS

Replacement Costs From an Energy

Perspective

This section discusses the average replacement costs in 2017
Euros from an energy perspective by former usage options across
the year 2017; results are shown in Table 2. Both the type of
gas chosen and its usage have drastic impacts on the economic
value it provides to the steel mill, and therefore also on its
replacement cost. BFG has a relatively low replacement cost for
both power generation (15 €/ton in France) and heating (21 €/ton
in France). BOFG has a higher calorific value due to its higher CO
content, resulting in a replacement cost of 52 €/ton for electricity
generation. COG has the highest calorific value as a result of the
large H, and CHy4 content and therefore has also the highest
replacement cost (205 €/ton for electricity generation in France).

Gases used for heating also have about 40% higher
replacement costs than gases used for electricity generation on
average, due to the higher costs of natural gas. Therefore, it will
usually be more beneficial to take feedstock gas from the stream to
the power plant than the stream used for heating. Germany has
a higher replacement cost for electricity generation (about 5%)
in all three gases, and likewise lower for heating (14%), which
directly results from the difference in prices for electricity and
natural gas between the two countries.

Figure 7 details which gases are most frequently used for
which purpose in vol%. BFG is flared the most at 20%, while
COG and BOFG are flared at around 5%. Non-flared BFG is
almost exclusively used in the power plant, while COG is used
only for heating. BOFG is spread more evenly, with a 68% share
used in the power plant and 25% used for heating. The higher
flared volume in BFG is a positive indication that BFG is likely
to perform better economically and have a lower global warming
impact than the other gases.

Replacement Costs From a Chemical

Feedstock Perspective
This section discusses the costs from a feedstock perspective; the
analysis assumes that the respective steel mill gases are used as

TABLE 2 | Average replacement costs over the year 2017 for the different steel
mill gases and respective usages.

Steel mill BFG (€/ton) BOFG (€/ton) COG (€/ton)
gas/former

usage France Germany France Germany France Germany
RCfare 0 0 0 0 0 0
RCelectricity 15.2 16.6 53.2 58.1 205.4 224.2
RCheating 21.3 18.7 74.2 65.4 286.6 252.7
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FIGURE 8 | The replacement cost of the steel mill gases when using them as chemical feedstocks for different capacity scenarios; low capacity (25 kt), mid capacity
(100 kt), high capacity (1000 kt/a BFG or 400 kt BOFG or 250 kt COG, at a flare rate of 2%. The costs for (A) assume both CO and CO, are used. The costs for
(B-D) are assuming that feedstock is the only one used. The benchmark is the cost of the feedstock when produced from conventional sources.

feedstocks in the chemical industry for a CO and CO; mix (A),
and CO (B), CO; (C), and H, (D). Results are shown for each
capacity scenario in Figure 8. For example, when BOFG serves
as a feedstock for CO and CO; in France at high capacity, the
steel mill has to cover replacement costs of 70 €/ton. COG is
not shown in subplots B and C because it contains very minor
amounts of CO and CO»; likewise, BFG and BOFG only contain
small amounts of H, and are therefore omitted from subplot D.
Subfigure A assumes that the steel mill gases are used as
feedstocks for both CO and CO;. In this case, both replacement
costs for BEG (11-15 €/ton) and BOFG (52-65 €/ton) are

considerably lower than their benchmarks (83 and 165 €/ton,
respectively). Although BOFG has only a slightly higher CO
content than BFG, the fact that it is flared much less (5%
compared to 20% by volume) results in a significantly higher gas
price. The replacement costs for COG are just slightly lower than
the benchmark (284 €/ton) for France (258-280 €/ton) and about
15-20% lower for Germany (227-247 €/ton). These results are a
positive indication that BFG and BOFG are economically viable
when both CO and CO; are utilized.

In subfigure B, it is assumed that the steel mill gases are
used as feedstocks for CO only. Compared to the benchmark
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(440 €/ton), the replacement costs of both BFG (50-70 €/ton)
and BOFG (100-130 €/ton) are significantly lower, which is a
positive indication that usage of CO from steel mill gases is more
economically favorable than conventional CO for all scenarios.
Usage of BFG and BOFG for CO is especially interesting for
chemical processes that do not require a pure CO stream.

In subfigure C, it is assumed that the steel mill gases are used as
feedstocks for CO; only. The costs for CO, from BFG are 37-48
€/ton, which is lower than the benchmark (60 €/ton). For BOFG,
however, the costs are significantly higher (184-228 €/ton). Using
CO; from BFG is therefore economically viable, even if CO were
also not used. It is not recommended to use BOFG to obtain
CO, as a feedstock.

In subfigure D, it is assumed that COG is used as feedstocks for
H, only. The replacement costs for H, for the base scenario are
about 2100 €/ton, varying from 2168 €/ton for 250 kt/a COG to
1877 €/ton for 25 kt/a COG. This is also on par or slightly less
than the benchmarK’s price, conventionally produced H, from
steam reforming (2200 €/ton) (Gielen et al., 2019). Therefore,
usage of H, from COG could be economically feasible for a small
or medium-sized chemical process plant. It is important to note
that H, separation costs should be added if the H; is desired pure.

The replacement costs were also calculated with the different
flaring scenarios; however, different flare rates have a smaller
impact on the replacement cost of the steel mill gases than
different capacities [see the Supplementary Material Section
“Results for Differing Flare Rate Scenarios”]. The viability
compared to benchmarks for the flaring scenarios are similar
to that described above for the capacity scenarios. It should
be noted that all replacement costs mentioned here do not
include separation or purification of the feedstock, transport, or
additional costs imposed by the steel producer.

Replacement Greenhouse Gas
Emissions From a Chemical Feedstock
Perspective in 2017

The amount of GHG emissions (tons-CO;3-eq.) required to
replace the steel mill gases used is shown in Figure 9 for the three
capacity scenarios for a CO and CO; mix (A), and CO (B), CO,
(C), and H; (D). For example, the number of emissions required
to replace the electricity and heat that a high capacity BOFG
scenario in France is about 0.75 tons-CO,-eq/ton of BOFG.

If both CO; and CO are used, as is effectively shown in
subfigure A, then the viability point for BFG (0.64 tons-CO;-
eq/ton BFG) and BOFG (1.06 tons-CO;-eq/ton BOFG) are both
well above the replacement emissions (0.02-0.11 tons-CO;-
eq/ton BFG and 0.26-0.84 tons-CO-eq/ton BOFG) required.
Their use is therefore viable from an emissions standpoint.
However, in all scenarios, BFG requires fewer emissions than
BOFG and France less than Germany. BFG also clearly has much
fewer emissions than the benchmark (0.64 tons-CO,-eq/ton BFG
and 0.82 tons-CO;z-eq/ton BOFG). In comparison, BOFG has
fewer emissions for all scenarios in France and the lower and mid-
capacity scenarios in Germany. COG has much higher emissions
(3.9-4.2 tons-CO;,-eq/ton COG) than both the viability point and
the benchmark for all capacity scenarios and countries.

For both countries, when using BFG (about 0.1 tons-CO,-
eq./ton CO for France and 0.43-0.55 tons-CO;-eq./ton CO for
Germany), the replacement emissions required per ton of CO
(shown for BFG and BOEFG in subfigure B) are lower than for
the benchmark method of obtaining CO [1.25 tons-CO;-eq./ton
CO (Wernet et al.,, 2016)]. Also, for the low and mid-capacity
scenarios for BOFG when located in France (0.53-0.71 tons-CO; -
eq./ton CO) and Germany (1.07-1.20 tons-CO;-eq./ton CO),
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FIGURE 9 | The GHG emissions required to replace the energy provided to the steel mill by the steel mill gases for the three capacity scenarios; low capacity (25 kt),
mid capacity (100 kt), high capacity (1000 kt/a BFG or 400 kt BOFG or 250 kt COG), at a flare rate of 2%. The replacement emissions for (A) assume both CO and
CO3 are used. The replacement emissions for (B=D) are assuming that feedstock is the only one used. The benchmark is the global warming impact of the
feedstock when produced from conventional sources.
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the emissions required to replace the steel mill gases are lower
than the benchmark. However, for the high capacity scenario
located in France (1.5 tons-COj-eq./ton CO) or Germany
(1.75 tons-CO;-eq./ton CO), the emissions required are higher
than the benchmark.

For CO; (shown for BFG and BOFG in subfigure C), only
the usage of BFG is lower than conventional methods [0.75 tons-
CO;-eq./ton CO, (Wernet et al., 2016)]. It should be noted that
in the event of CO;-only usage, replacement emissions of more
than one ton-CO;-eq./ton CO, means that the use of this CO,
is not viable from the standpoint of reducing GHG emissions.
This shows that while BFG is viable in both Germany and France,
BOFG is only viable in France and then only at smaller to
medium-sized plants.

The replacement emissions required per ton of H, (subfigure
D) are extraordinarily high, around 31 tons-CO;-eq. per ton of
H, obtained, and the overall usage of H, results in emissions of
around 27 tons-CO;-eq. per ton of H, even when the emissions
saved from avoiding combustion are taken into account. As even
H, produced from conventional methods has a much lower
emissions intensity ranging from 1.6 tons-CO;-eq. per ton of
H, for coal gasification (Wernet et al., 2016) to 4.8 tons-CO,-
eq. per ton of H; for steam reforming (Dufour et al., 2011), it
is not recommended to use COG to obtain H, from a GHG
emissions perspective.

The simulation for the different flaring scenarios (0.5-5% for
BFG and BOEFG, and 0.5-2% for COG) instead of capacities
is shown in the Supplementary Material section “Results
for Differing Flare Rate Scenarios,” Figure 4). As with the
replacement cost, changes in the flare rate do not have as large
an impact as changes to the plant’s capacity.

Replacement Greenhouse Gas
Emissions From a Chemical Feedstock
Perspective in 2050

It is important to consider that electricity grid mixes in the future
could be vastly different from current grid mixes. Therefore, the
same simulations for GHG emissions were completed with the
predicted grid emissions intensity for the year 2050 in order to
estimate the replacement emissions. The results are shown in
Figure 10.

In the 2050 scenario, a large decrease in the replacement
emissions is seen for Germany for all scenarios, but for France,
only a very slight decrease is observed due to the already
low emissions intensity of the electricity grid in France. Both
Germany and France are predicted to have similarly low
grid emissions intensities by 2050 (<0.1 tons-CO3-eq./MWh)
(Wernet et al.,, 2016). The plot for the various flaring scenarios
is shown in the Supplementary Material section “Results for
Differing Flare Rate Scenarios,” Figure 5).

Replacement Costs and Greenhouse Gas

Emissions When Gas Storage Is Used

A time-series plot of the replacement cost over the year 2017
for both Germany and France is shown in Figure 11. The
replacement cost fluctuates quite significantly both on longer
timescales throughout the year as a result of the electricity and
natural gas prices, but also on much shorter timescales (days or
hours) due to the steel mill gas usages (particularly the flaring
volume, which often drives the replacement cost to zero). It
could thus be beneficial to build gas storage, which could be
filled when lower-valued flare gas is being drawn from the steel
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FIGURE 10 | The GHG emissions required to replace the energy provided to the steel mill by the steel mill gases for the three capacity scenarios in 2050; low
capacity (25 kt), mid capacity (100 kt), high capacity (1000 kt/a BFG or 400 kt BOFG or 250 kt COG), at a flare rate of 2%. The replacement emissions for (A)
assume both CO and CO are used. The replacement emissions for (B-D) are assuming that feedstock is the only one used. The benchmark is the global warming
impact of the feedstock when produced from conventional sources.
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FIGURE 12 | Optimization of storage size for the base scenario (flare rate 2%, capacity 100 kt BFG).

mill, and used up when there is no flaring and higher value
electricity or heating gas is being drawn, taking advantage of these
short-term fluctuations.

The capital cost of the storage was taken into account using
commonly used capital cost estimation equations for a storage
tank, based on the capacity of the storage (Sinnott and Towler,
2009). Storage size was plotted against annualized capital cost,
yearly feedstock cost of the steel mill gas, and the sum of the two
to find the minimum of this sum, which is the optimal storage
size from an economic perspective and is shown in Figure 12.

The optimum storage size for the base scenario was compared
to the base scenario in Germany without storage. A comparison

of the replacement cost is shown in Figure 13. For example,
without storage, BFG has a replacement cost of about 13 €/ton.
When the optimally sized storage is used, it drops to about
6 €/ton. A similar result can be seen when looking at the
GHG emissions for the same scenarios in Figure 14, with even
more significantly reduced GHG emissions for BFG and only
a slight reduction for BOFG. The results show that optimally
sized storage is advantageous for reducing both the replacement
cost and GHG emissions impact of BFG by around 50% and is
therefore recommended for BFG. On the other hand, negligible
cost differences are seen for BOFG and COG, and therefore
storage is not recommended for BOFG or COG.
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cost of the feedstock when produced from conventional sources.
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BFG). The replacement emissions for (A) assume both CO and CO, are used. The replacement emissions for (B-D) are assuming that feedstock is the only one
used. The benchmark is the global warming impact of the feedstock when produced from conventional sources.

DISCUSSION

Energy Results

The replacement costs for BFG for both heating and electricity
generation are the lowest, followed by BOFG and finally COG,
directly correlated to the gases’ calorific value. Heating has a lower
replacement cost in Germany than in France, and vice versa for
electricity. Electricity taxes and tariffs are significantly higher in
Germany than in France, resulting in a more expensive electricity

price. However, the price for natural gas in Germany is on average
lower than for France. Subsequently, in Germany, only 53.4% of
the time grid electricity is used to replace steel mill gases that
would otherwise be used in the power plant, compared to 95.4%
of the time for France. These values are not expected to vary
significantly year on year due to limited changes in the electricity
and natural gas price and no significant changes in the average
European steel mill. Therefore, the assumption that 2017 data
could be used as an effective proxy for steel mill gas replacement
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costs for other years is reasonable. Naturally, when looking more
than 5-10 years into the future, updated electricity and natural
gas price data should be used if available.

The different usages of each gas, shown in Figure 7, are less
certain to change in other circumstances. The major potential
source of uncertainty is the data obtained from the steel producer;
although flaring data was obtained from multiple plants and
manipulated to try and obtain European average flaring data, it
is still inherently based on steel mills from one company, and
therefore it is hard to say how accurately they portray flaring
patterns for steel mills from other companies. While all steel
mills using the conventional route of steel production should be
similar, there could be deviations in locations of parts of the plant,
making usage of one of the steel mill gases more favorable for
heating, for instance. The model used in this study was designed
in such a way that enables it to be used for any industrial flue
gas stream for which end usage data is available. Therefore, it is
recommended to use this model or perform a similar calculation
for each steel mill and flue gas utilization scenario desired due to
these individual mill differences.

Economic Results

The replacement costs of CO are significantly lower than
the benchmark for all scenarios of BFG and BOFG, and the
replacement costs for H, from COG are slightly lower than the
benchmark. Both BFG and BOFG show good economic potential
for use as feedstocks for the chemical industry. COG shows good
promise as an economically viable H; source if it is not required
pure; if it is, then the costs of separation would likely put the total
cost of Hy from COG above the benchmark cost. This section
discusses and analyses the results based on gas composition,
capacity, flare rate, and country.

When used as feedstock for CO, the replacement costs for
BFG are about half when compared to the replacement costs
for BOFG. When used as feedstock for CO,, this difference
becomes even more pronounced, with BFG’s replacement costs
being about four times cheaper per ton of CO, obtained. This
variance results from the compositional differences of the gases;
BOFG has a higher CO composition than BFG and a larger ratio
of CO to CO; than BFG. BFG has a similar replacement cost per
ton of CO or CO;, whereas obtaining CO from BOFG is about
75% cheaper than obtaining CO,.

This study finds that larger steel mill gas usage results in
a slight increase in replacement cost per unit of feedstock, as
shown in Figure 8. As the feedstock requirement increases, there
will be fewer times when the flared gas is enough to meet the
complete feedstock demand, thus requiring more electricity or
heating gas and therefore increasing the value of the gas. For
BFG and BOFG, the cost is relatively low and does not vary
markedly with respect to capacity. However, this increase in the
replacement costs of steel mill gases at increased capacities is
low. It should not affect the economic viability of a subsequent
chemical production process, especially when taking into account
expected decreases in capital costs when building larger plants.
COG is comparatively expensive, although it also does not
fluctuate too much as capacity changes.

Changes in the flare rate do not have as large an
impact on replacement cost as changes in the plant’s capacity
(Supplementary Material “Results for Differing Flare Rate
Scenarios,” Figure 3). The lack of variation is mainly because
steel mill gases are not flared very often, but when they is
flared, it is in large amounts, which are more than the required
feedstock amount. Although the frequency of flaring increases
slightly when the volumetric flare rate increases, this increase
is not substantial enough to notice a considerable reduction
in gas replacement cost when the flare rate is increased. In
general, for both changing flare rates and capacities, the change
in the replacement cost of the gas is usually around 10-20%
and is not expected to significantly affect a flue gas utilization
process’s economic viability. The lack of variation is similar when
looking at replacement cost per ton of CO, CO;, or Hj, where
smaller variations are seen with changing flare rate than with
changing capacity.

France has lower costs for BFG than Germany and has a
broader variation with a similar average cost for BOFG. This
wider variation is because BOFG, unlike BFG or COG, is used for
electricity generation and heating. Therefore, at lower capacities,
BOFG will use mostly electricity gas, which is cheaper in France
than in Germany. However, at higher capacities, heating gas
must be taken and then natural gas used as a replacement,
which is less expensive in Germany. Germany has a lower cost
difference between natural gas and electricity, meaning that the
cost variation with respect to capacity is smaller.

Costs for the two fossil-fuel-based feedstocks, CO and H; from
steam reforming, are expected to stay relatively stable as they
are established processes. However, with decreasing solar power
costs, the production cost of H, from electrolysis is expected to
drop sharply in the coming decade.

Transportation costs and other capital infrastructure required,
such as holding tanks, are not considered in this model. Such
costs depend heavily on the distance between the steel mill and
the chemical plant, as well as other location-specific logistical
factors. Ideally, the chemical plant would be located on or next
to the steel mill’s premises, heavily reducing transport costs to
almost nothing. In most scenarios, a pipeline would be used
to transport the goods. Another source of uncertainty is the
profit margin applied by the steel producer, which must be small
enough that the cost for the chemical producer is not greater than
other feedstocks.

Many previous studies on other chemical processes from steel
mill gases do not assume any purchase cost for the gases. This
may have a large impact on process economics, particularly for
the more valuable COG and BOFG. Even studies that assume
zero cost for BFG neglect a cost of multiple million euros per
year for mid to large capacity plants. Studies such as Yildirim
et al. (2018) that assume COG is to be replaced by natural gas
is a more accurate assumption. Taking an average price across
2017 for natural gas in France (31.4 €/ MWh) would then result
in a replacement cost for COG of 324 €/ton, which is similar to
the replacement cost calculated in this study (258 - 280 €/ton),
as most COG is used for heating and it has a relatively low
flaring rate. It is a slight overestimate due to the share of flare
gas that can be used, which does not require a replacement and
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is not taken into consideration with a static replacement cost
assumption. However, if steel mill gas usage data is unavailable,
it is a reasonable assumption to make for the replacement cost of
COG. Lee et al. (2020) assume that BOFG, as well as COG, will be
replaced by natural gas, resulting in a cost for BOFG of 145 €/ton
if the study was conducted in France in 2017. This assumption
results in a much higher replacement cost than the results
presented in this study of 52 — 65 €/ton. This is because only 25%
of BOFG is used for heating, while 68% is used for electricity
generation; therefore, it would have been more accurate to
assume a replacement by grid electricity if a static assumption was
desired. As for COG, flaring gas is again neglected, overestimating
the replacement cost. The more accurate replacement costs that
dynamic cost-minimization models provide could help refine
future studies investigating the usage of steel mill gases.

Greenhouse Gas Emissions Results

The GHG emissions required to replace CO from BFG are less
than the benchmark and viability point for all three capacity and
flaring scenarios, while for BOFG they were only less for the
low and mid-capacity scenarios. Therefore, usage of BFG as a
feedstock for CO, in particular, is highly recommended from an
environmental perspective, reducing the global warming impact
of chemical processes. The emissions required to replace H; are
exceptionally high, about 6 times more than the fossil-fuel-based
benchmark. It is not recommended to use COG to obtain H,
as a feedstock from a global warming impact perspective. In
this section, the GHG emissions results will be discussed and
analyzed from the standpoint of gas capacity, feedstock, flare
rate, and country.

In all scenarios, BFG has low replacement GHG emissions
due to its low calorific value; this means less grid electricity or
natural gas is required to replace BFG than BOFG or COG.
Furthermore, BFG has low replacement GHG emissions due to its
comparatively higher share of flare gas, which does not require a
replacement. Meanwhile, the replacement emissions when using
BOFG as feedstock for CO are about 3-5 times as high as
BFG; when using BOFG as a feedstock for CO,, replacement
emissions are 6-10 times as high as BFG. When both are used,
the replacement emissions are between 10 and 30 times as high.

As well as for the cost, higher capacities require larger GHG
emissions per ton to replace. At low capacities, usage of BOFG
for CO can result in a reasonably large emissions savings per
ton of CO. Still, the overall capacity is often so low that
the total GHG emissions saved are relatively insignificant. As
BOFG is the most evenly split between flare gas, electricity
gas, and heating gas (see Figure 7), it has the largest range
in all scenarios. Smaller capacities use mostly flare gas (which
does not require any replacement emissions) and electricity
gas, which requires relatively little emissions to replace. Larger
capacities use mostly electricity gas and heating gas, which
requires moderately high GHG emissions to replace. This is in
contrast with BFG, where most of the feedstock comes from
either flare gas or electricity gas, resulting in much smaller
variations as capacity changes.

As heating gas can only be replaced by natural gas, France has
a more extensive range than Germany, due to the considerable

average difference in GHG emissions between the electricity grid
and natural gas. COG usage results in the same GHG emissions
for both Germany and France because no COG is used for
electricity generation. Therefore, it is always replaced by natural
gas, and the range is due to changes in the amount of flare gas
used for different capacities. In the case that COG would also be
used for electricity production, perhaps its usage as a feedstock
could have a lower global warming potential.

Changes in the flare rate [shown in the Supplementary
Material section “Results for Differing Flare Rate Scenarios,’
Figure 3)] do not have as large an impact as changes in the plant’s
capacity. Again, this is because the frequency of zero flaring does
not change drastically, even as the total volumetric flare rate over
the year changes significantly.

A source of uncertainty common to industrial symbiosis is
which of the two partners should get any credits or certificates for
reducing emissions. It may be that due to European regulations,
one partner is unable to claim credit for reducing emissions. In
all likelihood, any subsidies or avoidance of taxes will likely be
passed from one consumer to the other; for instance, the steel
mill could claim an emissions reduction and use the money saved
to reduce the feedstock costs for the chemical producer.

Previous LCA studies such as Ou et al. (2013) that assume all
steel mill gas taken would have otherwise been flared (or give no
justification for their assumption of zero replacement emissions)
neglect a significant emissions source of 0.26-0.84 tons-CO,-
eq/ton BOFG. COG in particular requires a lot of replacement
emissions and would be a large oversight if completely neglected.
On the other hand, studies such as Thonemann et al. (2018) that
assume natural gas as a replacement for all steel mill gas emissions
overestimate the replacement emissions required, particularly for
BFG (0.94 tons-CO;-eq/ton BFG if natural gas was to replace
all BFG in France in 2017 compared to 0.02-0.11 tons-CO;-
eq/ton BFG) and BOFG (2.26 tons-CO;-eq/ton BOFG compared
to 0.26-0.84 tons-CO,-eq/ton BOFG), because most BFG and
BOFG are used to generate electricity, and are therefore instead
replaced by the electricity grid, which has a lower emissions
intensity (particularly in France). As well, the static assumption
of natural gas as a replacement does not consider flared gas,
which does not need any replacement and therefore lowers the
overall replacement emissions. This assumption, however, does
not severely overestimate the replacement emissions for COG
(5.05 tons-CO;-eq/ton COG compared to 3.9-4.2 tons-CO;-
eq/ton COG), because COG is mostly used for heating, which is
in turn replaced by natural gas. The smaller deviation is due to the
amount of flaring gas that can be used, which a dynamic model
takes into account. These discrepancies in turn could result in an
overestimate for the total emissions estimation for the chemical
processes investigated.

It is also important to point out that simply because the
replacement emissions required are lower than the emissions
that gas would have produced, that does not indicate that every
process using this gas as a feedstock will be environmentally
favorable. Further processing steps and chemicals needed for a
flue gas utilization process will also contain their own emissions
footprint, which could make them unviable. The values presented
in these plots can simply be used for the replacement emissions
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required when using steel mill gases as a feedstock in a flue gas
utilization process.

2050 Greenhouse Gas Emissions Results
Unlike the economic utility price data, it is expected that the
emissions intensity of the electricity grid will change significantly
in the future for most countries, particularly for Germany.
Although France already has a low emissions-intensity grid,
which is not predicted to change greatly until 2050, Germany’s
grid has a relatively high emissions intensity, which is expected
to decrease drastically by 2050 to levels similar to France. To
account for this, the study also analyzed usages for steel mill
gases in the 2050 scenarios. If studies into the shorter-term future
are desired (such as 2030), the model should be re-run at the
expected grid emissions intensities for that year and country. In
Figure 10, a strong decrease in the GHG replacement emissions
are seen for BFG in Germany between the 2017 (0.43-0.55 tons-
CO;-eq./ton CO) and 2050 (~0.05-0.06) tons-CO;-eq./ton CO)
scenarios; as most of the BFG is used for electricity generation,
changes to the emissions intensity of the grid have a large impact
on the replacement emissions required to substitute BFG. The
replacement emissions for BOFG in Germany also decrease from
2017 (1.07 - 1.75 tons-CO,-eq./ton CO) to 2050 (0.47 - 1.47),
although not as substantially as for BFG. This is because a smaller
fraction of BOFG is used for electricity generation than BFG,
so changes to the grid emissions intensity have a smaller effect.
Changes in France are not very pronounced for any scenario,
due to the small change expected in grid emissions intensity
between 2017 and 2050.

Although natural gas was still used in the model for the 2050
scenarios, in reality, it is unlikely to be the most common heating
method in 2050. As mentioned in Modeling the Replacement
Cost of Steel Mill Gases, a variety of other methods are being
investigated that aim to reduce emissions from heating in steel
mills. For this reason, the results for the 2050 scenarios are
relatively uncertain, with large differences in uncertainty between
the three kinds of steel mill gas. The 2050 values for BFG have
a higher certainty because very little BFG is used for heating.
For BOFG, of which up to 25% used for heating, the uncertainty
regarding future heating emissions has a greater effect. COG is
even more uncertain, as it is effectively only used for heating.
Therefore, the replacement emissions required for BOFG and
COG in 2050 could decrease drastically if low-emissions heating
technologies are widespread. Likewise, for higher capacity or
higher flaring scenarios where more flaring gas is used, the
uncertainty decreases, as the fraction of heating gas is lower.

Storage Potential

Use of storage shows substantial reductions in both the
replacement costs and emissions for BFG while having a
negligible effect for COG and BOFG, because of the larger
frequency of flaring for BFG compared to COG and BOFG. As
BFG is flared about four times more frequently, the storage tank
can be more often replenished with flare gas for BFG than for
BOFG and COG. As BFG is not flared in very high frequencies,
but large amounts on the occasions when it is flared, utilization

of a storage tank allows the possibility to use more flare gas than
a scenario without storage.

This result positively highlights the economic and
environmental benefits of storage when BFG is used. Although
BOFG and COG do not show a substantial decrease in cost or
emissions, this could also be different on steel mills that flare
these gases more regularly. It is recommended that the idea of
storage for BOFG and COG not be discarded, but the model
should be run on the data from the particular steel mill that is
being considered for a flue gas utilization process.

Data, Scenario, and Model Analysis
As the model directly uses the replacement costs of the steel mill
gases to determine the economic value and as an estimate for the
cost the chemical producer would pay for the gas, it is robust
and versatile and can be used for a range of industrial plants
and scenarios beyond what has been investigated in this study. It
can be directly used to estimate the economic and environmental
feasibility of novel flue gas utilization processes from steel mills,
which thus far have not taken into account the economic and
environmental cost of utilizing steel mill gases. These processes
can be analyzed by using data from published techno-economic
or life cycle assessments. Often, this data has to be adapted to
fit the novel process. Several parameters are important to note,
such as plant capacity, plant location, and the year the study was
conducted. As long as the plant’s capacity in the published TEA
is also of industrial scale, it is usually possible to directly up-
scale the costs according to commonly used factorial methods
(Sinnott and Towler, 2009). If much of the process is novel, as
is often the case for flue gas utilization processes, it will usually
not be possible to conduct a cost estimation based on published
literature. In this case, a complete TEA will have to be performed.
This TEA can be performed according to standardized guidelines
and methods found in literature (Peters et al., 2003; Sinnott and
Towler, 2009; Buchner et al., 2018; Zimmermann et al., 2020a,b).
The scenarios chosen for the study were selected to best
represent the realistic range of European steel mills, with high,
low, and mid flaring rates and gas capacities. Germany and
France were selected as they have a large chemical and steel
industry, while also having a considerable difference in the
electricity grid emissions intensity. Performing the study in
different countries could also have a great impact on results, due
to the changing grid emissions and utility prices; however, it
is likely that Germany and France continue to have substantial
chemical and steel industries in the future. The greatest source
of uncertainty in the key parameters chosen for the model is the
predicted grid emissions intensity for the 2050 scenario; many
developments or changes in policy and technology are possible
until 2050 that could greatly affect the future grid emission
intensity. Therefore, the future grid emissions intensity is quite
uncertain. Another potential source of uncertainty is the flaring
rate. It is possible that with technological improvements to the
integrated steel mill route that flare rates decrease in the future.
Decreases in the flare rate would increase the cost of steel mill
gases, as less flare gas could be used as feedstock. As well,
differences between the flaring rates of individual steel mills
could significantly affect the cost of steel mill gases. While the
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current certainty of flare rates is relatively high, future values
are very uncertain. More certain are the gas capacities selected
for the study; while process improvements could slightly reduce
the amount of steel mill gas required as feedstock for a chemical
plant, or slightly larger plants could be built in the future with,
respectively, larger feedstocks required, many of these processes
are limited stoichiometrically and therefore require at minimum
a set amount of a particular component. Therefore, it is expected
that the capacities chosen remain relevant for future studies.

A limitation is that the model’s scope does not include any gas
separation or purification that may be required for a particular
process to use the gas. Many chemical processes may require
purer CO or CO; or need one or more components removed
to avoid interference with desired reactions. However, many
chemical processes do not require pure components, such as the
Carbon4PUR process, which uses BFG directly (Carbon4PUR,
2020a). An interesting future study would be investigating the
costs and emissions involved in the separation and purification
of the essential components, such as CO or Hj, as perhaps a more
accurate comparison to the benchmarks for processes that require
pure component feedstocks.

CONCLUSION

A promising solution to reduce GHG emissions in the steel
industry is industrial symbiosis, using steel mill gases as a
feedstock for chemical processes. To correctly estimate such
processes economic and environmental impact, a model was
created to evaluate both the costs and global warming impact of
replacing the Current Usages of Steel Mill Gases. The valuable
feedstocks from steel mill gases such as CO and H; are compared
to conventionally produced benchmarks to assess their economic
and environmental viability.

The results from this model show that the usage of steel
mill gases requires a replacement cost for their current usages
in addition to a potential need for separation and purification
steps, which lie beyond the scope of this paper. Overall, however,
they are a viable source for certain desired feedstocks. BFG
in particular is viable as a source of CO and CO, from both
an economic and environmental perspective with replacement
costs between 50 and 70 €/ton CO and GHG emissions between
0.43 and 0.55 tons-CO;z-eq./ton CO, which is both cheaper
and less impactful than benchmark feedstocks. BOFG is also
recommended as a feedstock in most scenarios, but especially
in cases where all the BFG is already being consumed. While it
generally performs better than benchmark feedstocks, it performs
worse than BFG in most metrics and has a much lower total gas
flow than BFG. COG offers the potential for a slight reduction
in Hy cost (1800-2100 €/ton) when compared to conventional
production but at the expense of much greater emissions (31
tons-CO;-eq./ton Hj). BFG can be optimally used in most
scenarios with the addition of intermittent storage, allowing for
a higher ratio of desirable flare gas to be used.

Potentially interesting future studies could include
investigating the economic and GHG emissions cost of gas
separation and purification of the feedstocks in order to best
compare the results to those of conventional benchmarks. As
well, exploring a range of further scenarios such as different
future grid emissions intensities, other countries, or additional
sources of industrial flue gases.
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