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Abstract

The iron and steel industry relies significantly on fossil energy use and is one of the largest
energy consumers and carbon emitters in the manufacturing sector. Simultaneously, a huge amount of
waste heat is directly discharged into the environment during steel production processes.
Conservation of energy and energy-efficient improvement should be a holistic target for iron and steel
industry. There is a need to investigate and analyse potential effects of application i.e., a number of
primary and secondary energy saving and decarbonisation technologies to the basic energy
performance and CO; emissions profile of iron and steel industry. A 4.7Mt annual steel capacity iron
and steel plant in the UK is selected as a case study.

By carrying out a comprehensive literature review of current primary and secondary energy
saving and decarbonisation technologies, suitable technologies are categorised based on their purpose
of utilisation and installation positions. It is found that fuel substitution technologies and waste heat
recovery technologies have wide application prospects in iron and steel industry. To further
investigate effects of these technologies on the UK integrated steelwork, a comprehensive model of
iron and steel production processes is built by using the software Aspen Plus. The model is fully
validated and is used to examine the specific energy consumption and direct CO, emissions. Energy
consumption and CO- emissions of whole production chain to produce a ton of crude steel are 17.5 GJ
and 1.06 t. Waste heat from hot coke and gas cooling could cover 40% of electricity consumed in the
plant if coking process has the maximum coke capacity.

To implement primary energy saving and decarbonisation technologies, the performance of blast
furnace is optimised first by substituting coke with bio-reducers based on the proposed model. Three
biomass substitutions are considered to reduce coke rate and CO, emissions of ironmaking process.
Results show that coke demand of per ton of hot metal and CO, emissions of the ironmaking process
are improved by replacing partial coke with biomass. An optimal coke replacement is operated with
200 kg bio-oil and 222 kg coke when producing one ton of product. The reaction involving bio-
syngas has the most potential to reduce CO, emissions.

To find a sustainable way to capture CO, and recover waste heat onsite, a model of adopting



organic Rankine cycle with amine-based CO, capture in ironmaking process is introduced. In
comparison with different reducing agents injected into BF, bio-oil has the most advantage to improve
energy consumption of CO; capture system. CO, emissions from total sites can be maximumly
reduced by 69% through the method of CO, capture with waste heat recovery technologies. The
combination of various decarbonised technologies creates great opportunity to reduce CO, emissions.

A mass-thermal network of iron and steel industry is finally built up, where primary and
secondary energy saving technologies are implemented to optimise energy use and reduce CO;
emissions. The general guideline i.e., 5-step method is summarised to optimise the mass-thermal
network. Exergy analysis is used to evaluate overall network after applications of energy saving and
decarbonisation technologies. Injection of biomass-based syngas can maximumly increase the exergy
efficiency of ironmaking process. Sinter and BOF steelmaking processes are related with mass ratio
of hot metal. Optimisation insights of energy use and decarbonisation for steelwork are revealed

based on exergy efficiency and destruction results.
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Chapter 1

Introduction

1.1 Research background

The industrial sector encompasses activities that largely depend on energy, which leads to being
a major factor for the competitiveness of industrial sector. The industrial sector uses more delivered
energy than any other end-use sector, consuming about 55% of the world’s total delivered energy,
which continues to account for the largest share of delivered energy consumption [1]. According to
distinct industry types, energy-intensive industries are responsible for 69% of all world industrial
energy consumption. Additionally, the increasing demand for energy leads to the increase of
greenhouse gases (GHG) emissions [2]. As a representative indicator of global warming, industrial
CO; emissions from fuel combustion are over 19% of global GHG emissions [3].

Iron and steel production is a fundamental index of national prosperity and plays a leading role
in the world economy. The sector employs high temperature furnaces for iron and steel production,
which has become the second largest energy consumer in the industry [4]. Driven by increases in
crude steel production, the sector’s energy consumption grew by 6.2% annually from 2000 to 2011 [5].
Besides, carbon dioxide (CO>) emissions from iron and steel plants account for the highest proportion
of about 27% in manufacturing sector [6]. Iron and steel industry has achieved considerable
improvements in recent decades, however, it still reveals great potentials to further reduce energy use
and CO; emissions by about 20%, i.e., saving 4.7 EJ of energy and 350 Mt of CO, [7, 8]. These
improvements could be achieved by saving energy during or after the manufacturing processes.

One of the major energy saving technologies considers primary energy. Most of primary energy
are consumed in the iron and steel production processes where three quarters of energy use comes
from coal [9]. Coal is the fuel sources to generate heat for melting the burden, and it is also used for
producing coke which is the main reducing agent for removing oxygen in the iron ores. Furthermore,
the actual resource efficiency of global steel production is only 32.9% due to a large number of energy
losses [10]. With rapidly rising price of primary energy, it is quite significant to further improve

energy efficiency, which could reduce fossil fuel consumption and CO> emissions in iron and steel



industry [11, 12]. Various energy saving technologies/measures have been adopted to reduce the usage
of primary energy in iron and steel plants. These improvements include composition regulation of
incoming energy flows, adjustment of energy-related processes, and utilisation of outgoing flows in
the iron and steel industry [13]. These technologies ultimately aim to reduce the energy demands in
iron and steel industry, and they should be optimised based on a mass network.

Recovery of secondary energy is the other considerable energy saving option. The secondary
energy in iron and steel enterprises is mainly composed of by-products [14] and waste heat [15]. A
large number of outgoing excess gases such as coke oven gas (COG), blast furnace gas (BFG), and
Linz-Donawitz gas (LDG) are generated from steelworks [16], which account for approximately 30%
of total energy consumption in steel enterprises [14]. It is evident that by-product gas or slag is the
medium that could either be directed used or transferred into thermal energy and power [17]. With
regard to waste heat in the steel mills, currently only about 25% of residual heat is recovered by a few
commercial technologies [18]. Thus further improving the energy efficiency of waste heat utilisation
is still of great value. Various thermal conversion technologies could be good candidates in terms of
heat supply/storage, power generation, and refrigeration. Heat supply and storage could be achieved
by heat exchanger and storage reactor. Heat exchangers are most commonly used to transfer heat from
combustion exhaust gases to the other place where the heat is needed [19]. The typical thermal driven
power generation cycles are Rankine cycle, organic Rankine cycle (ORC) [20], Kalina cycle (KC)
[21], thermoelectric cycle [22], etc. Thermal driven refrigeration could be generally classified into
absorption [23], adsorption [24], and thermoelectric refrigeration [25], which could meet cooling
demands for the office buildings in steel mill. It is extensively acknowledged that the demands for
waste heat recovery technologies should not only supply the heat but also work as power,
refrigeration and energy storage in a district.

The integration of various energy types should be taken into account when each kind of
technology is ensured. The utilisation and selection of technologies are quite complicated if various
heat sources and different demands are required to be satisfied [26]. It is demonstrated that high-
quality integration of different technologies should be accomplished to realise high efficient use of
industrial waste heat through thermal network utilisation, including heating, power generation,
cooling, energy storage and transportation [27]. From previous work, the energy saving in iron and

steel industry mainly concentrates on the primary energy in terms of different operation processes. It



could provide more insights if the primary and secondary energy saving technologies could be

effectively related and optimised as a network.

1.2 Research aims and objectives

This research focuses on primary and secondary energy savings in iron and steel production, and

aims to analyse the energy performance and CO; emissions profile of optimised iron and steel plant.

The concept of mass-thermal network optimisation in iron and steel industry is presented and

summarised. Mass network optimisation lies in reducing primary energy demands whereas thermal

network optimisation relies on the supply sides for energy savings which are dependent and

independent. The main objectives of the study are as follows:

a)

b)

d)

To review overall primary and secondary energy saving technologies applied in iron and
steel industry, and investigate the suitable primary and secondary technology for further
optimisation;

To collect plant data from industrial reports and references, simulate and validate the basic
model of iron and steel integrated production process;

To evaluate the energy performance and CO; emissions of incorporating biomass into iron
and steel production based on the basic case simulation;

To calculate potentials of CO, emissions reduction and energy savings when iron and steel
production applies amine-based CO; capture and waste heat recovery technologies;

To develop a primary and secondary energy optimisation model for the iron and steel

industry and achieve an energy saving target from an overall perspective.

1.3 Structure of the thesis

The main body of this thesis is organised as:

a)

b)

Chapter 2 presents an overall literature review of efficient use of primary and secondary
energy in iron and steel industry, meanwhile the research gap could be found for
improvement of energy use and CO> emissions reduction in the iron and steel industry;

Chapter 3 gives a complete simulation of an iron and steel plant in UK including raw
material preparation, iron making, and steel producing processes; a validation of model will

be given between comparison of results and reference data;



c)

d)

€)

f)

Chapter 4 derives an evaluation of injecting biomass into ironmaking process from full iron
and steel production chain; three substitution scenarios of introducing biomass as reductant,
namely charcoal, bio-oil and bio-syngas are considered and analysed with process
simulation in Aspen Plus software to obtain process energy and material balances;

Chapter 5 presents a model of adopting ORC with amine-based CO; capture in ironmaking
process; the benefits for CO, capture when applying waste heat recovery technologies are
investigated.

Chapter 6 puts forward a concept of mass-thermal iron and steel network and basic
guideline of optimising network; the method of exergy analysis will be used for evaluating
optimisation potential of network.

Chapter 7 gives conclusions of whole dissertation.



Chapter 2

Literature review

This chapter presents a literature review of energy saving technologies in iron and steel industry.
The overarching metallurgical routes and energy consumption of iron and steel industry is first
summarised. The overview of primary energy and secondary energy saving technologies includes
recently established and introduced technologies, and also describes those which could be available in
the future. The technologies are categorised based on their purpose of utilisation and installation
positions. To clarify the framework of this literature review, the concerning roadmap of is indicated in
Figure 2.1, in which Figure 2.1a represents main concepts of energy, improvements and mass/thermal

optimisation while Figure 2.1b generally summarises and clarifies their classifications.

2.1 Iron and steel metallurgical routes

Figure 2.1 shows an overview of iron and steel metallurgical routes which are composed of two
basic routes: (1) primary route where iron ores and scrap are used as the raw materials, (2) secondary

route from recycled steel scrap [28, 29].

2.1.1 Primary steel production route

Primary steel production route includes raw material preparation, iron making, and steel
producing processes. Blast furnace (BF) and basic oxygen furnace (BOF) integrated process accounts
for the most primary crude steel making, which is approximately 64% of global steel production [30].

BF-BOF route consists of sintering, pelletising, coking, iron making and steel making processes.
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Figure 2.1: Roadmap of efficient use of energy in iron and steel industry (a) main concepts; (b)

general summarisation.

Sintering and pelletising are two main processes related with ore agglomeration. They are used
to enhance physical properties and reducibility of iron ores and minerals that will be used for
subsequent iron making in BF [31]. Sintering process blends ores, additives, coke breeze and recycled

iron together, and converts ore fines (<<5mm) into larger porous lump sinter (>5mm) [32].

Pelletising process crushes and grinds the iron ores to produce round and crystallised iron ore pellet
with a size of 9-16mm. Coking process pyrolyses coal in a high temperature and oxygen-free
atmosphere to produce coke. Coke is a necessary raw material used in the BF, which is a chemical
reductant and a permeable support to allow gases through the furnace [33]. The combustion of coke in
the furnace could release heat to raise the temperature.

For all primary steel production processes, they proceed from the same chemical reactions. In
the BF iron making process, coke is reacted with the sinter or pellet ore, which results in molten iron
product i.e., pig iron [31]. Carbon impurities and concentration of alloying elements of iron product
are removed (from 4-5% to 0.01-4%) in the BOF process. Open hearth furnace is an energy-intensive
steel making technology and has nearly been phased out [28]. Direct reduction and smelting reduction
are two technologies that offer alternatives to BF-BOF for iron making. Two processes could not
consider the demand for the energy-intensive processes, i.e., iron ore agglomeration and coke making
[33]. The iron from the direct reduction route referred to as sponge iron is fed into the electric arc

furnace (EAF) steel making process.
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Figure 2.2: Iron and steel production routes, adapted from references [34, 35].

2.1.2 Secondary steel production route

In the secondary route i.e., EAF, the recycled steel scrap is melted by using high power electric
arcs generated between graphite and feedstock. Since there is no raw material preparation and iron
making steps, EAF has much lower energy consumption [36]. For the long-term perspective,
substituting BOF steel making with EAF is a reasonable solution to energy conservation and cost
control, as the energy of melting the scrap is electrical and less depend on high carbon contents of
fossil fuel. Although plenty of the electricity used for EAF may be supported by coal-fired power
plants, iron and steel industry will be less dependent on coal due to the reduction in BF-BOF

production, which contributes to lower energy intensity and greenhouse gas emissions [37].

2.1.3 Steel casting, rolling, and finishing route

After steel production, the process is followed by continuous casting (CC) production and rolling.
The molten steel will be transferred to continuous caster where semi-finished steel products are
formed into various solid forms. Before entering the market, most steel products are further processed

to form final shapes in the rolling mills. Steel rolling is conducted in both hot and cold rolling mills.



Hot rolling process consumes electricity and fossil fuels in furnaces which are used to reheat the steel
slabs or billets formed during casting [38]. Steel coils from hot rolling continue to be sent to cold mill
where the thickness is further reduced. Finishing is the final production step that includes different

processes which are annealing, pickling, and surface treatment [39].

2.2 Energy consumption of iron and steel industry

In 2017, total energy demand of iron and steel sector grew to 33.44 EJ, which accounted for 21.4%
of final energy consumption of the world industry [40]. The proportions by using fuels in the world
iron and steel sectors are presented in Figure 2.3. It is indicated that coal serves as the primary fuel to
generate coke and power, which accounts for the largest part (around 75%) [17, 40]; 9% of the final
energy is consumed by natural gas which can effectively power the process especially in the direct
reduced iron (DRI) production; the rest of energy consumption comes from secondary energy i.e.,

electricity (12%), heat (3%), and other fuel gas and oil products.

[ ]0il products
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Figure 2.3: Energy distribution in world iron and steel sectors [9].

Figure 2.4 indicates the energy input of main steel producing countries. It is noted that different
countries have different energy distributions in steel production routes. The iron and steel industry in
China consumes the most fossil fuel i.e., coal and produces 94.1% of crude steel through BOF route.
Comparably, crude steel production in United States mostly adopts EAF steel making route (62.7%)
and natural gas (53.98%). This is mainly because mature and industrialised economy supplies a large
scrap steel for EAF steel making in United States. Since India is rich in coal resource and has limited
source of natural gas, coal-based DRI is a leading way to supply the feedstock for EAF [41]. In other
countries, their use of electricity or natural gas is nearly related to the share of EAF steel production.

In 2015, the aggregated global energy intensity dropped slightly to 20.9 GJ t* crude steel from



21.1 GJ+* in 2010 [9]. Considering main production processes, energy use by BF-BOF route is
estimated as 18.7 GJ +* crude steel. The typical energy consumption of DRI-EAF pathway is about
22.4 GJ +*crude steel. The energy intensity of smelting reduction to BOF processes is about 21.4
GJ {1 crude steel. The scrap-based EAF has the lowest energy footprint of 6.7 GJ 1 crude steel. By
adopting best available technology, energy performance levels worldwide in all steel production

routes would save 9 EJ per year [40].
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Figure 2.4: Energy input of main steel producing countries in 2015 [42].

Energy efficiency policies of iron and steel industry have led to partial retrofit of existing
furnaces with energy-efficient equipment. The iron and steel sector still has vast technical potentials
to further reduce energy consumption by around 20% [43]. Figure 2.5 presents the estimated energy
saving potentials based on current production capacities and technologies. Annual energy savings
potential is indicated by the bars and the values are shown on the left y-axis. Energy savings potential
of per ton of steel is shown as a point in the figure, and read by the right y-axis. Average global
specific energy saving potential is 4.3 GJ * crude steel and China accounts for 70% of potential
energy savings. Most of this potential could be realised by improving BF and steel finishing processes
as well as recycling steelworks by-product gases. Electricity production from BFG offers an important

opportunity for steel plant to maximise the usage of input fuels [5].
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Figure 2.5: Energy saving potentials for iron and steel industry based on best available technologies

(published in 2014) [5].

2.3 Primary energy saving technologies

The primary energy is the largest component of operating cost for many steel producers [44],
thus the primary energy saving opportunities should be assessed based on actual energy demands. It is
of great importance to consider the efficient technologies in aspect of mass balance i.e., mass
optimisation. The technologies can be manifested in the incoming and outgoing flows of a plant, as
well as the specifications of the installed facilities. The detailed analysis of efficient technologies for
primary energy is conducted in terms of specific energy savings and investment cost which are

demonstrated as follows.

2.3.1 Changes of the incoming flows

The direct input of raw materials and energy for each process and facility are included in the
incoming flows of iron and steel industry. Energy saving technologies for incoming processes mainly
refer to energy substitution and pretreatment of feedstock, which generally tend to reduce
consumption of fossil fuels and raw materials. Energy substitution aims to replace fossil fuels with
cleaner energy and to increase the share of renewable resources [45]. Pretreatment of feedstock is

considered as a good way to enhance productivity of each plant.

a) Fuel substitution technologies
The consumption of coal-dominated energy in the iron and steel industry has undermined

sustainable development [45]. The energy sources of steel production processes needs to shift from

11



coal to natural gas, hydrogen, electricity, biomass, etc. [46]. Various approaches are summarised and
presented in Figure 2.6 It is demonstrated that iron and steel production has been gradually
decarbonised by reducing the use of coal, which would be partially replaced by natural gas, oil, plastic
waste, hydrogen, electricity, integration with CO; capture and storage (CCS), utilisation and storage

technology and sustainable biomass technology [47, 48].
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Figure 2.6: Framework of steel triangle processing route [47].

To reduce expensive coke consumption and CO; emissions in coke making process, pulverised
coal injection (PCI) has been widely used as the auxiliary fuel in the BF process. Finely ground dried
coal is injected with gas into BF through the tuyére as a partial replacement for the coke [49], which
will decrease the coke ratio of the BF and improve the net energy efficiency [50]. Similar to PCI,
natural gas injection could substitute part of coke, but it is typically applicable to medium-sized
furnaces which usually have an annual production rate of 1.4-2.5 million tons of iron [51]. Besides,
natural gas and pulverised coal can be simultaneously injected into BF tuyées by using a combined
fuel lance [52]. The injection of oils and waste oil is beneficial, which is similar with the natural gas
injection. The amount of injected oil is within the range of 65-130 kg 14 (tam means ton of produced
hot metal)[53]. It is desirable to reuse waste plastics for the better utilisation of energy resources due
to their higher heating values and higher H, contents when comparing those with coal [54]. The
maximum level for plastic injection at the tuyéres level could reach 70 kg t55 [53]. H2 can react with
iron ore to achieve reducing coke and above alternative reducing agents in BF. The indirect reduction
process by H; has the advantage of zero CO; emission in the produce gas [55]. COG and BFG are
recovered as supplementary fuel in most of steel plants. Various combustion processes could reuse

these gases such as blast generation in hot stoves or coke oven firing [53].
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Burgeoning attentions have been paid to the biomass as a renewable substitute in the iron and
steel industry. For the integrated steel plant, biomass has been inserted into coal compound during
coke making process to produce bio-coke which is effective in reducing the gasification temperature
in BF [56]. In sintering process, the substitution of 25% coke breeze with biochar is an suitable
method to optimise productivity and quality of sinter [57]. The biomass-based reducing agents, e.g.
charcoal, bio-oil, and syngas could be injected into the BF from the top or through tuyées to
minimise the coke consumption [58]. Novel carbon composite agglomerates have been investigated to
renovate outdated coke ovens and low reduction rate operation of BF [59]. The pretreatment and
upgrading processes of raw biomass are required in these applications.

Table 2.1 reviews representative fuel substitution technologies and their potentials to reduce
coke used in the BF. These results are based on the actual performance of operating BF or
mathematical modelling. Depending on the amount of auxiliary injectants, mean coke rate of the
furnace is 334 kg t;%, and a theoretical minimum of 200 kg 51, is necessary to enable stable furnace
operation [60]. In comparison with all the reductants, 200-250 kg tj;3; coke can be replaced, which
may result in lower emissions [61]. Due to the advantages of high reliability and easy operation, PCI
has better performance to reduce coke consumption in BF operation. Although the usage of biomass
in steel industry shows great potentials, there are still lots of challenges in terms of technical and

economic aspects.

Table 2.1: List of representative fuel substitution technologies in the BF.

Fuel alternative Injection rate of auxiliary Coke rate

. L 1 Ref.
technologies injectants kg tam

PCI 190-210 Kg ti 280-300 [62]
Natural gas injection 96-158 m® t;;3 341-410 [63]
Heavy oil injection 140 kg tiy 300 [64]
Plastic waste injection 35 kg tiy + 71 Kg 573, heavy oil 372 [65]
COG injection 50 kg th 322 [66]
H: injection 27.5 Kg thi 389.8 [60]
Charging lump charcoal 200 kg i1 260 [67]
Biomass-oil injection 140 kg tiy 455 [68]
Biomass-syngas injection  10.5 GJ t;4; for DRI production - [69]
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b) Pretreatment of feedstock

Before charging raw materials into iron and steel works, pretreatment is always essential for the
quality and purity of feedstock. The pretreatment methods mainly involves granulation and
torrefaction, which can be classified as physical and chemical process. Physical pretreatment is used
to control particle size and moisture content of raw materials. In sinter plant, new coating and
granulation technologies have developed to improve sintering productivity and reducibility [70]. The
segregation slit wire (SSW) system is an advanced charging system which is developed in Japan as
shown in Figure 2.7. It is a device to reduce coarse granule and maintain a constant particle size of
limonite, which could increase permeability of the sintering mixture and reduce the return fine. Some
steel works in China and Japan segregate the raw materials on pellets, and produce quasi-particles
within a mean size of 3-5 mm [71]. It is an effective way to improve the permeability and then form
the thick sinter layer to reduce reaction temperature and energy consumption. In coke oven, it is
proved that the densification of coals to a relative material density of 80%, i.e., a compact density
around 1100 kg m is advantageous [72]. The stamp charging technology is usually used to compact
the coal, where the coal blends are previously compressed into a “coal cake” and then charged
vertically into the oven. With stamp charging, the coke oven productivity is increased by 10-12% [73].
For the modern BF process, controlling particle segregation to obtain a desired gas flow and smooth
operation is very significant [74]. Bell-less top systems are adopted for proper burden distribution and
segregation of input materials into the furnace, which can enhance the furnace operational stability

and increase the productivity [75].

Fine particle

.

Coarse particle Js

Grate bar

Figure 2.7: Schematic diagram of SSWs [70].
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The general methods to remove the moisture of feedstock include preheating and drying. Coal
moisture control (CMC) was introduced to Japan in the 1980s [76], because coke making process
requires the application of coal blends with a correctly matched level of moisture. This industrial
application controls the moisture of feedstock for coke producing from a normal 8-10% to around 6%
without hindering the charging operation [49]. The process is different from coal preheating and
drying because it leads to the strict stabilisation of moisture content in the coal blend. Low pressure
steam and waste heat from COG are generally used as the heat source of humidity control. For
instance, Nippon steel succeeded in developing the fluidised bed (FB) type CMC which exhibited
high heat exchange efficiency and solved the problem of indirect heat exchange between the coking

coal and steam as shown in Figure 2.8 [77].

Dry Coal
Wet Coal
Approx.10% No.2 Blower ' !
Hopper
Stack
Bag Filter] (new)
—Gas Fluidized
Bed Coal
Coal v Dryer Blending
—> I_I Maching
| Coke |
oven No.1 Blower
—X >
Dry Coal
Approx.6-7%
Stack (existing) Exhaust Gas Approx.60 T

({4 Approx.200C
l s Gas Duct Recycle Gas

Figure 2.8: Nippon Steel & Sumikin Engineering’s FB type CMC process flow [78].

Compared with physical process, chemical pretreatment always aims to improve the quality of
raw materials that are prior to iron and steel making processes. In general, high iron content and low
gangue content of sinter or pellet, and moderate ash content of coke are all good factors for BF

injection [53]. Apart from the usual feedstock of BF, a newly developed pre-reduced agglomerates
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(PRA) were proposed in Japan. The PRA was reduced simultaneously with agglomeration on existing
sintering machine [79]. It has excellent high temperature properties to reduce pressure drop and
thickness of the BF cohesive zone, which is quite conducive to BF productivity. Hot metal chemical
pretreatment is a process that performs on hot metal after the tapping of BF and before
decarbonisation in a BOF [80]. In most cases, this process is composed of desulphurisation,
dephosphorisation and desiliconisation. The general desulphurisation process can be divided into flux
injecting and mechanical stirring which are shown in Figure 2.9. The dephosphorisation and
desiliconisation are not as common as the desulphurisation due to their costly and sophisticated
process. The common way usually injects agents and oxidizing compounds into the torpedo car or hot
metal transfer ladles as shown in Figure 2.10 [81].

In the secondary steel making route, steel scrap can be integrated into production processes as
alternative raw material. Due to global demand for steel scrap, exportation of recycled scrap steel
becomes an attractive option [82]. Scrap pretreatment is often required to obtain high-quality scrap
metal which includes routine sorting, flame cutting, and packing. In developed countries, the scrap
recycling industry has been established with centralised import, processing and distribution [83]. It
reveals vast potentials to reduce resource, energy consumption and waste emissions through steel

scrap pretreatment.

t\ Flux and carrier gas Sinter  Reagent
Injection lance S 2 /7
/ I}

Top slag

Hot metal Bubble Torpedo car Ladle Hot metal
and flux
(a) (b)

Figure 2.9: The hot metal desulphurisation process (a) Injection process of hot metal desulphurisation
using a torpedo car; (b) Mechanical stirring process for hot metal desulphurisation using a charging

ladle [80].
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Figure 2.10: Exemplified steps for desiliconisation and dephosphorisation of hot metal [81].

Table 2.2 lists general pretreatment technologies and their improvement effect. The ratio of
energy savings is used to reveal the fuel saving potentials of various pretreatments. The indicator is

calculated based on the energy consumption before and after installation, which can be expressed as:

Ratio of energy savings = ->— x 100% (2.1)

where Eo is energy consumption before measures installation, E; is energy consumption after
installation. The input and output of each process in iron and steel industry refers to [84].

According to improvement effects and energy savings of selective pretreatment technologies, it
is found that the chemical pretreatment technologies, such as charging PRA into BF, have more
significant energy savings than that of physical pretreatment technologies. Moreover, the suitable

particle size of charging materials has a vital role for productivity improvement of manufacturing

facilities.
Table 2.2: List of selective pretreatment technologies for steel and iron industry.
Pretreatment technologies Improvement effect Ratio O.f enirgy Ref.
savings
S::nr;[:rrg?r?g:N Increase 5% productivity 5.6% [49]
Burden 0190,
distribution ~ COKe stamp Increase 10%-12% 9.1%-16.7% [85]
charging productivity
Bell-less top BF  Increase 2.5% productivity 2.4% [76]
Coke moisture control Increase 2% coke strength 0.72% [51, 86]
PRAin BF 45% pre-reduction 23% [79]
EAF charge scrap preheating Increase 33% productivity 3.2%* [81]

2The energy use of scrap-based EAF refers to [40].

2.3.2 Improved process design

With increment of crude steel production, further reduction of energy use and CO, emissions
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require more innovation beyond existing technologies [38]. Novel process design is developed and

valued in terms of various parameters improvement and emerging energy-efficient devices.

a) Parameter control technologies

Temperature, pressure, gas flow rate and oxidising atmosphere of combustion are all taken as the
parameters that need to be controlled in iron and steel making processes. Through optimised design of
multiple parameters, it can further improve total working performance of iron and steel industry [87].

Temperature is always required to be high to decompose the structure of iron ore and coal in
current steel making, which aims to overcome kinetic and thermodynamic limits of chemical reactions
in the reduction of iron oxide, and to provide steel in a liquid form [88]. Considering low-carbon and
energy-efficient development, various unit operations can be performed at a lower temperature than
that in present processes. Low-temperature sinter process controls oxygen concentration to facilitate
the solid phase reaction, which could significantly save energy and improve performance of sinter ore
[89]. Coking process can happen at a lower temperature (800 °C) instead of 1000 °C by heating the
coke while it descends into the BF. Direct reduction process uses a synthesis gas or solid fuel directly
to achieve reduction of iron oxide below melting point [90]. Low-temperature rolling i.e., warm-
rolling or ferritic rolling is attempted to produce steels between 440<C and 850 <C to replace the
conventional grades of hot rolling and cold rolling [91, 92]. These new steel products are conducive to
energy savings, cost effectiveness and productivity.

Pressure is controlled to reduce energy consumption in iron and steel industry. The high pressure
application in coke oven is effective to control gases emissions, thus creating large saving in process
steam requirement and increased by-products yield [81]. During iron smelting process, the increased
top pressure of BF is feasible to lower gas velocity and increase retention time for gas-solid reactions,
which could enable a good furnace operation and energy recovery of BF [81]. A large roots-style
mechanical vacuum booster pump is installed in steel vacuum degassing and vacuum oxygen
decarburising processes for better dust handling. Advances of this facility offer significant savings in
energy consumption, costs reduction, speed increment, improvements in flexibility and overall
productivity for steel degassing operations [93]. Table 2.3 lists working conditions of temperature and

pressure control technologies. Common conditions of various processes are also presented.
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Table 2.3: Working conditions of temperature and pressure control technologies.

. Working Common
Improvement technologies conditions conditions Ref.
Low-temperature sintering 1200C 1300<C -1480<C [53, 89]
Low-temperature coking 800C 1100<C [88, 94]
Low-temperature iron making 900<C-1000<C 1200<C -2000<C [53, 88]
. 500C -1300C
Low-temperature rolling 440<C -850C (hot rolling) [91, 95]
ngh pressure ammonia liquor 35-40 bar Ammonia stripper [81, 94]
aspiration system in coke oven at 1.37 bar
High BF top pressure > 0.5 bar 0.2-0.5 bar [81, 96]
Large roots-style mechanical 0.001 bar 0.00067 bar [93]

vacuum booster pump for degassing

Variable speed drive (VSD) technologies have drawn bourgeoning attention in the last decade
[97]. The steel making pumps and fans for dust and gas extraction are important loads in terms of
electricity saving potential, which are excellent candidates for VSDs. By applying VSD in iron and
steel sectors, the energy saving could reach 6.3 TWh [98]. VSD can be installed on compressors of
coke oven to reduce energy consumption of COG pressurisation process [33]. Also it can be equipped
in the BOF and EAF processes for a better match of the fan speed with the requirements of steel
making due to the frequent variation of flue gases volumes [33]. To avoid excessing air that may
decrease combustion efficiency and lead to excessive waste gases, the installation of VSD on
combustion air ventilators on reheating furnace in hot rolling can help to control oxygen level [51].

Ventilation control technologies e.g., air leakage reduction, oxygen enrichment and blast
dewetting are indispensable for energy saving in the steel production. It is indicated that improper
sealing system and damaged components in a compressed air device can cause the air leakage, which
is a mainly source of waste energy in the steelworks. Improvement could be obtained by attaching a
new seal between air seal bar and slide bed on the equipment side [99]. Air tight EAF technology
through sealing slag door can significantly reduce all other air entries and thermal losses in the fumes
[100]. In BF process, the methods of oxygen enrichment, over-pressure, dehumidification of the blast
air in the hot stoves are implemented for a higher flame temperature to achieve more effective
combustion of fuels and reduce coke demands [50, 101].

Energy savings of above-mentioned technologies are not obvious when the separated parameter
control technology is applied. Thus it is necessary to develop a control system that combines all

parameters together which could meet handling conditions to optimise energy consumption and cost.
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b) Energy-efficient devices

Energy-efficient equipment is regarded as the opportunity to reduce energy intensity and CO;
emissions in iron and steel industry. These technologies, e.g. novel adopted processes and advanced
process controls, have reduced energy intensity by 30% since 1990 [51]. This section will summarise
emerging energy-efficient devices and technologies in terms of production routes from raw material
preparation to finishing process.

Considering low emissions and sintering process optimisation, waste gas recovery device and
energy-efficient ignition oven are developed. The sinter strand is housed to recirculate waste gases
from different parts of strand and back to the sintering process [53]. The process could use CO
content of waste gas as an energy source. Meanwhile, the recycled gas can provide most of oxygen
that is required to burn the fuel. In order to save the fuel for ignition ovens, high-efficient multi-slit
burner [81] and line burner [102] in ignition furnace are used, which can control the duration of the
flame to minimise ignition energy.

For a coke plant, there are considerable heat loss and CO emissions in the conventional process
of wet quenching. The coke stabilisation quenching is considered to reduce coke consumption by
keeping hot coke in contact with water from both top and bottom of quenching tower. However,
taking the risks of water consumption and contamination, this technology may have a limited
potential advantage. One alternative solution is coke dry quenching (CDQ) procedure i.e., the coke is
cooled by an inert gas [13]. In this way, CDQ system could collect and reuse thermal energy of the
red-hot coke as steam. Other types of advanced coke oven, i.e., single chamber coking reactor and
non-recovery coke oven, have been successfully installed in the coke plant [103]. A systematic coke
oven technology i.e., super coke oven for productivity and environmental enhancement toward the
21st century (SCOPE21) has been demonstrated in Japan [104]. The technology includes three sub-
processes, i.e., rapid preheating of coal feeding, rapid carbonisation and further heating of carbonised

coke. The schematic is shown in Figure 2.11.
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Figure 2.11: Schematic diagram of SCOPE21 process flow [81].

Hot blast stove (HBS) is one of the most important units in the BF iron making route [105].
Conventional HBSs with internal and external chambers have a number of drawbacks which can be
resolved if the combustion chamber is eliminated, i.e., to develop a top combustion HBS known as
“shaftless hot stove”. The top combustion hot stove can provide complete gas combustion without
pulsation, which could achieve the high efficient combustion even in the operation only with flue gas
[106]. A novel Kalugin shaftless stove with a smaller diameter pre-chamber at the top of the dome has
become a future top combustion hot stove. With regard to further reduce CO; emissions of iron
making, many options are proposed, e.g. Corex, Finex, Tecnored, 1tnk3 process, Paired straight hearth
furnace, Coal-based HYL process, Coal-based MIDREX® process. [50]. These technologies have
been reviewed and compared by Hasanbeigi et al. [103], which are considered as the promising
alternatives of traditional iron making process. Corex, Finex, and Coal-Based HYL process are
already commercialised, but with very low adoption rate in the steel industry worldwide.

One of the major innovations in BOF steel making lies in injection system of converter furnace.
Top blown BOFs have been converted to combined blowing process with an additional bottom
agitation [107]. A small amount of inert gas will be injected to BOF from the bottom of the convertor,
which is mixed with oxygen injected from top of furnace. Inert gas injection is beneficial to reduce
the flux and oxygen consumption. Energy savings in EAF depend largely on the highly efficient arc
furnace. The furnaces such as direct current (DC) arc furnace and Comelt furnace both operate on a
DC basis. DC can generate the heat which is used to melt and stir the steel after charging scrap into

arc furnace [49]. Various arc furnaces for preheating the scrap, i.e., Contiarc furnace, post combustion
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shaft furnace, ecological and economical high-efficient arc furnaces (ECOARC™) have been
developed and put into practice. It is demonstrated that using waste heat to preheat the scrap can
reduce power consumption of EAFs. Furthermore, new transformers and electric systems have been
installed on EAF operators to enhance the power of the furnaces [51].

Technologies in casting, rolling, and finishing processes may dramatically reduce energy
consumption. These efficient opportunities refer to innovation heating furnaces, e.g. Rapidfire™ edge
heater [108], flameless oxyfuel combustion furnace [109], walking beam furnace, and regenerative
burner, which can provide more furnace heating capacity and lower fuel consumption. Casting, rolling
and finish processes need to meet various demands, thus it is necessary to provide solutions by
supplying linking lines e.g. a CC machine that produces slabs, blooms and billets by pouring molten
steel into a mould [49]. Other integrated technologies are adopted in iron and steel industry e.g.
endless strip production that combines casting and rolling into a continuous process [110], and
continuous annealing lines that integrate cleaning, heating, cooling, temper rolling and refining in a
single line [102, 111].

Digital control system is an integrated monitoring and control system which is mainly composed
of direct digital control computers, sensors and devices. It provides loop control and advanced control
of process with a standard of set value of process computer [112]. Based on real-time monitoring each
iron and steel production step, the processing data will be collected and sent by digital control system,
which will increase the operation efficiency of equipment and savings of energy and cost. Many
mathematical models and control systems, as well as advanced testing equipment like material level
instrument, device for continuous measurement of permeability, multi-gas analyser, laser contouring
system, neural networks, etc. have been developed successively by large-scale iron and steel
enterprises. Other measures concern general crosscutting utilities that apply to the industry, e.g.
energy monitoring and management systems, preventive maintenance practices [81].

Table 2.4 summarises general energy-efficient devices, technologies and their characteristics
according to iron and steel production routes. The emerging technologies generally have the higher
investment cost and difficulties to replace existing construction. But they are still attractive

opportunities to reduce emissions and energy consumption for iron and steel industry in the future.
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Table 2.4: List of energy-efficient devices for iron and steel industry.

Process

Technologies

Improvement effect

Investment cost

Limitation

Ref.

Sinter

Partial recycling of waste
gas from the whole strand
Multi-slit burner in ignition
furnace

Reduce coke breeze consumption
by 10-15%

Reduce ignition energy by 30%

Operational flexibility of the strand

[53]

[81]

Coking

CDQ

Single chamber system
coking reactor

Non-recovery coke ovens

SCOPE21

Generate 0.5-0.7 t steam ¢ coke
and 0.504-0.67 electricity 4 coke
Improve thermal efficiency from
38% to 70%
Produce 2.3-2.5 GJ electrical
power *coke

Reduce 21% energy consumption

$ 18.6 million 2
$99.3 +1 coke
$ 365 million P

Reduce 18% and 16% production
and construction cost

Coke blowing up and carrying-over
phenomenon

Mostly considering for new plants

Emission requirements and demand
of steam quality

[51, 113]
[51]
[53, 81]

[81]

BF

Top combustion HBS

Kalugin shaftless hot stove

Save energy in the hot stove by 1-
2% (5000 m? BF)
Increase thermal efficiency by 8-
12%

$ 9.58 million (2500 m® BF)

Impossible to replace the existing
stove/difficult to control gas-air ratio

[106]

[17]

BOF

BOF bottom stirring

Reduce flux guantities by more
than 10%

Difficult to maintain the continuation
of effective stirring

[107]

EAF

DC arc furnace
Comelt furnace

Contiarc furnace

Post-combustion shaft
furnace
ECOARC™
ECOARC light™
Ultra-high power
transformers

Eccentric bottom tapping

Save 0.036-0.32 GJ +steel
Save 0.36 GJ 7 steel
Reduce energy losses by 0.792
GJ {7 steel
Reduce 0.28-0.4 GJ electric
power +* liquid steel
Save 0.36 GJ 1! steel
Save 0.252-0.288 GJ 1! steel

Save 0.061 GJ ! steel

Save 0.054 GJ 7 steel

$ 22.13 million ¢
Reduce maintenance costs

Customised operating cost

More initial costs in a short term
Lower initial cost

$ 3.9 1 steel

$ 4.5 11 steel @

Installation sites

Limited by the size, type and life of
the existing one

[49]
[33]

[51]

[51, 114]

[102]
[102]

[51]

[51]

Casting/
Rolling/
Finishing

Rapidfire™ edge heater
Flameless oxyfuel
combustion

Walking beam furnace

Save energy by 28%
Increase 50% heating capacity and
decrease 40% fuel consumption
Reduce 25% electricity and 37.5
fuel consumption

Lower installation cost

Depend on the cost of oxygen

Lower operation cost
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High CO; concentrations during oxy-
fuel coal combustion

Mostly by means of natural gas

[108]
[109]

[51]



Process Technologies Improvement effect Investment cost Limitation Ref.
Regenerative burner Save 800-1000 crude oil Lower maintenance cost for ladle i [49]
g equivalent year? refractory
_ -1
CC machine Reduce 0.072 s()téle?8 GJ power ¢ $99.29 1 steel Solidification control [49, 115]
-000,
Castrip® process Savsoe;]r:/e;r?tyi/o?;f r?]eS)t(r)“ﬁjgver Lower capital cost High heat flux [116]
Endless strip production Reduce energy by 45% Lower mvestm(e:zcr)l;tand processing - [110]
Continuous annealing line Reduce fuel consumption by 33% $ 225 million ® High installation costs [33,102]
Integrated Strengthen heating furnace Save 0.191 GJ +1 $ 0.56 million (1.5 million t i [117]
improvement radiation ' heating furnace)
P Improved process control Save 0.05-0.4 GJ £ product $0.19-1.56 {*steel - [51]

2 The investment of a total waste gas flow of 1.2 million Nm? h! from three sinter strands was EUR 17 million in Netherlands. The cost was converted to USD according to current exchange rate in

April 2020.

® The investment includes the coke oven facilities, coal handing and the power plant for a 1.2 million t coke-year? greenfield heat recovery plant in 1998, US.
¢ The investment includes equipment cost JPY 2000 million and construction cost JPYY 400 million. The cost was converted to USD according to current exchange rate in April 2020.
4The investment only includes modification cost which is for a Canadian plant with an annual production capacity of 760000 t.
¢ The investment is for a continuous annealing facility with a capacity of about 5000000 t year™ in US.
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2.3.3 Outgoing flow utilisation

The useful outputs from global steel production can be recycled during the making process or
sold for use by other industries. The main by-products generated from iron and steel production are
slags (90% by mass), dusts, sludge and by-product gas [118]. Molten slag and process gas are all
exhausted at different temperatures which carry a great deal of waste heat. Considering local and
global steel production, by-products as value-added products or extra energy output, become
environmental concerns and cost-saving opportunities in industrial applications [119]. This section
mainly focuses on the direct utilisation of by-products and wastes. Waste heat utilisation from slag

and by-product gas will be separately illustrated in Section 2.3.

a) Utilisation of slag and dust

Slag in steel industry can be classified into BF slag and steel making slag [120]. BF slag has
been categorised into three main types by the cooling ways, i.e., air-cooled, granulated, and pelletised
(or expanded). BF slag can be safely used as the raw material in the cement industry due to the low
iron content. Steel making slag uses similar cooling method as air-cooled BF slag which could be
reused in soil conditioners and fertilisers.

For iron and steel metallurgical processes, dust and sludge are collected in the aspirating
equipment. Before BFG is recovered by a top pressure recovery turbine (TRT) generator, a dry-
process dust collector will be used for cleansing BFG. Two typical dry-process dust collectors have
been used to avoid large temperature and pressure loss of the gas that passes through the dust
collector, bag-filter collectors and electrostatic precipitators [121]. Since BF dust generally contains
high level of carbon and iron, it can be recycled through sinter making process. The effectiveness of
BF sludge has been investigated as an adsorbent to purify contaminated solutions. Steel making
sludge needs to be optimally dried and become operable before recycling. The agglomeration of steel
making sludge could be the ideal approach to maximise its use in sinter feed [122].

Table 2.5 lists specific characteristics and general recycling technologies of slag, dust and sludge
in iron and steel industry. Utilisation of solid by-products can prevent them from being transported to

landfill, which can save natural resources as well as significantly reduce CO, emissions [118].
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Table 2.5: List of slag and dust recycling technologies for iron and steel industry.

Source Characteristics Recycling technologies Ref.
Make construction aggregate; Used in
BF air-cooled Hard and dense concr(e_te—ba§ed products, road,_ cllnk(_er raw [118]
slag material, railroad ballast, roofing, mineral
wool and soil conditioner
BE aranulated Sand-sized particles of glass Make cementitious material [123]
gsla Crystalline and amorphous BF  Used as an adsorbent of phosphate from water [124]
9 slag solutions
BF pselggtlsed Vesicular texture Make lightweight aggregate [118]
High level of iron oxides and Produce sinter [125]
coke fines
BF flue dust 24
. As an adsorbent for Cu“* from aqueous
and sludge High carbon content of the L : .
solutions; As a reducing agent to remove zinc [122, 126]
sludge ;
from the steel making dusts.
High den_5|ty and a high Produce concrete [127]
crushing strength
The content of ca}:plum and CO; sequestration [127]
BOF slag magnesium silicates -
The phosphorus content of slag As fertilisers for crops [128]
Hard characteristics Used as the base and sub-base layer of road [122]
High porosnyaa;gg large surface Marine applications [127, 129]
BOF dustand  Very high iron and appreciable Recycled to iron and steel industry; Land [122]
sludge amount of CaO content filled, road bed and cement production.

b) By-product gas recovery and conversion

Three main by-product gases i.e., COG, BFG and LDG are generated in the processes from coal

to steel as shown in Figure 2.12. The concerning component, heat value and quantity of by-product

gas are indicated in Table 2.6. In general, these streams contain similar compound with different

proportions [34]. By-product gases utilisation from integrated iron and steel works can be divided into

three main categories:

*  Toserve as a fuel for power generation in a nearby power plant or reuse as fuel for steel plant.

e To recover the valuable compound, e.g., H> and CHa.

*  To obtain a high value-added product, such as methanol, dimethyl carbonate, etc.

As the first generated gas, COG is produced from dry distillation of coking coals in the absence

of oxygen. It could be not only used as a heating source but also mixed with BFG for power

generation. Besides, COG can potentially generate a high value added products by reacting with CO-

and CO [130]. BFG serves as a by-product of BF in the furnace process. It is used to blend with other

gases e.g. natural gas for combustion to generate the power, which could be combined with steam

cycles for a higher efficiency of 42% in steel mill applications. Besides, it could increase furnace

temperature through combustion [131]. LDG is created from pig iron during the steel making process.
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LDG recovery is the most energy-saving technology in the BOF process [33]. By-product gases have
a close relationship with reduction of primary energy while it is quite significant for thermal
utilisation. The above two applications will be discussed in different following subsections. This part

mainly focuses on recovering by-product gases for valuable compound and producing a high value-

added product.
COG BFG
Coal Coke Pig iron
_— —_— _—
B —
Iron ore
Coke oven battery Blast furnace Converter

Figure 2.12: The main operating processes of by-product gas.

Table 2.6: The properties of by-product gas in iron and steel industry [34, 132].

Type Source Chemical composition Heat value (k] m®) Production/t product

Ha: 45-64%;
Coke oven CHa: 20-30%;
oG battery CO: 5-10%; 16000-19300 400-450 m?* t* coke
CO2: 2-5%;
0O2: 0.1-4%.
Ha: 4%;
CO: 25%;
CO2: 20%;
N2:41%.
CO2: 15-20%;
02: <2.0%;
LDG Converter CO: 60-70%; 7500-8000 80-100 m3 ¢ liquid steel
N2: 10-20%;
H2<1.5%.

BFG BF 3000-3800 1400-1800 m® £ iron

Considering valuable compound recovery, Hz, CHsand CO are the primary candidates. Due to
their different proportions in off-gas, it may cause different recovery levels. H, and CH4 are easier to
be recovered from COG, and CO is usually recovered from BFG. The main recovery technologies
could be pressure swing adsorption (PSA) and membrane separation process (MSP). Cryogenic
separation is also suitable to be applied if gas proportion and external conditions are satisfied. It is
demonstrated that 90% of H, could be recovered by using PSA with a purity up to 99.99%.

Comparably, 80-98% of H could be recovered with a purity of 90-99%. By using PSA or MSP, the
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quality of CH4 concentrated stream may be improved. Only PSA and chemical absorption systems are
suitable to separate CO from BFG due to high proportion of N; [34]. These two systems are also
applicable for separating CO; from BFG and LDG. Activated methyldiethanolamine (MDEA) is a
common solvent for CO, absorption [133]. Another possibility for CO, capture is to convert CO
contained in BFG and LDG into CO; for concentrating the stream [134]. This process can be
accomplished by using water gas shift reaction under high temperature and pressure. The absorption
solvent will be used to separate CO- generated from shift reaction [133].

Coke oven gas is highly rated as a feedstock to obtain the value-added products due to its high
content of organic compound. Syngas production from COG is mainly composed of steam reforming,
dry reforming and partial oxidation processes [135]. The steam reforming of CHs is currently the
main technology for syngas production. The CO- (dry) reforming is regarded as the alternative
processes to steam reforming, which has been widely proposed. The partial oxidation of CH, is a
mildly exothermic reaction, which is more cost-efficient. Ho/CO ratio of syngas from the partial
oxidation is between that of syngas obtained from steam and dry reforming. It is possible to
synthesise methanol with the use of COG-derived syngas when it is produced from dry reforming at a
H2/CO ratio close to 2 [136]. COG with rich Hy contents is considered to be ideal for a sustainable
methanol production as it can meet the criteria of resource utilisation and environmental protection
[135, 137]. Half of CO, produced upon methanol consumption will be recycled in the dry reforming
process [138]. Synthetic natural gas could be produced through a co-methanation reaction of CO and
CO; (COy) in COG for CH4 enrichment by using appropriate catalysts [135]. Ni-based catalysts have
been widely employed for methanation reaction because of their high selectivity for CH, and low cost
[139]. Ni/MgO/Al,O3 catalysts exhibit excellent activity, stability and resistance to carbon deposition
for the catalytic conversion of tar in H,-rich hot COG [140].

Table 2.7 summarises the selected research studies for off-gas recovery and thermochemical by-

product gases in terms of simulation, experiment and techno-economic analysis.
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Table 2.7: Selected research works for off-gas recovery and thermochemical by-product gases.

Gas Use Experiment/Simulation Remarks Ref.
coG Ha recovery Thermal analysis& experiment Layered beds are filled with zeolite 5A fqr a seven-step two-bed PSA [141]
process for producing Hy
. . H, separation process is segmented into four sections in terms of the
coG H; recovery Thermal analysis& experiment saturated temperature and content of the components in COG [142]
. A prism membrane is used to purify COG; H, and CH, have the purity
COG H, and CH4 recovery Experiment higher than 90% and 60% [143]
. A bench scale PSA plant is constructed; 6.3 t CO; is recovered with a
BFG CO; and CO recovery Experiment 225 seconds cycle time and 33% CO; concentration of raw gas [144]
. A first CO-PSA commercial plant was constructed in 1989; The product
LDG CO recovery Experiment CO capacity of plant is 150 N m? -t [145]
. . . The polymeric gas separation membrane is used to separate COy; Cost is
BFG CO, separation Economic analysis from $ 25-36 £ CO, & [146]
BFG&LDG CO, separation Experiment CO is recovered by absorption in a Selexol® process [133]
coG H> product_lon by Simulation The sorptlpn-enhance steam rgformlng can obtain higher amount and [147]
reforming purity of H» than those in the common steam reforming
. . The Ha-rich COG is converted to syngas via the partial oxidation and
COG Syngas production Experiment CO; reforming at a high space velocity and lower temperature [148]
COG Methanol production Experiment The production capability of COG has reached 2.06 million tons [137]
. . . The stored heat from the intermittently emitted LDG is supplied to COG;
COG&LDG  Methanol production Thermal analysis& experiment Methanol is finally produced from the obtained gas [149]
. 0 .
COG&LDG  Methanol production Techno-economic analysis Using excess COG and 40% Of t_he avaulab]e_ LDG to praduce methaniol [150]
shows efficient gas utilisation
BEG&COG Higher alc_:ohol Environmental and economic evaluation Using BFG&COG, hlgher alcohol_s are produced and annual CO; [151]
production emissions reduction is 14820 t
coG COG methanation Experiment Toluene could be completely converted into CH4, CO and CO- over [152]

bimetallic catalysts

2 The cost for a two stage membrane process which recoveries CO, up to 99% and keeps inert N, below 5% is EUR 23-33 4 CO,. It was converted to USD according to current exchange rate in

April 2020..
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2.4 Efficient technologies for secondary energy

It is obvious that the secondary energy is considered to be utilised after primary energy is
explored as much as possible. This is mainly because the mass network optimisation in primary
energy is mainly based on the single process and flow improvements. Secondary energy resources are
considerable which are produced during the steel making processes. These resources could be
converted into steam or other forms such as power, heating and cooling output to meet the concerning
requirements in the iron and steel works.

Secondary energy resources can be categorised into by-products and waste heat. Compared with
the utilisation and conversion of by-product in Section 2.3.3, utilisation of by-products for secondary
energy recovery are possible in three different forms: recovery as hot air or from steam, conversion of
waste heat through chemical reaction, and the use of thermoelectric power generation [15]. The rest of
waste heat from iron and steel production processes could be categorised by dividing temperature
range into low, medium, and high-quality sources, and the range could be different when considering
different classification criteria. Temperature of high-quality heat source is generally higher than
500<C, which includes high temperature heating furnace flue gas, high temperature liquid, and high
temperature solid e.g., sintering materials, coke and steel. Temperature of medium quality heat source
usually ranges from 150 <C to 500<C, including sintering flue gas and hot stove flue gas. Low quality
of heat source is commonly lower than 150<C, including waste steam, hot water, all kinds of low

temperature flue gas and low temperature materials [8].

2.4.1 Utilisation of by-product for secondary energy recovery
This section mainly focuses on recovering secondary energy from by-products, i.e., high

temperature slag and furnace gases in terms of heating and power generation.

a) Slag thermal utilisation

Blast furnace slag in iron-making process is discarded at the high temperature of 1450-1650<C
[120]. Steel making slag is formed in a molten or red-hot state at a temperature of 1300-1700<C [153].
Therefore, a great deal of high-grade heat is carried with the slag which accounts for 10% of waste
energy and 35% of high-temperature waste heat in steel industry. Compared with utilisation of slag in

Section 2.2.3, high-temperature waste heat recovery technologies of slag are vital to achieve energy
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saving and emission reduction in the iron and steel industry. Current heat recovery technologies can
be generally classified into physical and chemical methods. Physical methods have been widely
investigated, for example mechanical crushing, air blast and centrifugal granulating process. With
respect to chemical methods, CH4 reforming reaction and coal gasification process take the leading
roles. These waste heat recovery and utilisation technologies have been partially reviewed [154].

Table 2.8 lists selected researches for molten slag sensible heat recovery under different methods.
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Table 2.8: Selected researches for molten slag sensible heat recovery technologies.

Research/

Slag Heat recovery technologies Demonstration Remarks Ref.
Physical method
BF slag Mechanical impingement Not for a long-term Generate 250 C saturated steam and 65% heat recovery rate [155]
commercial use

BF slag Stirring crushing Experiment Recover 59% of slag energy [156]

BF slag Rotating drum process Experiment Heat recovery rate of 40-60% [154]

BOF slag Air blast method Demonstration Recover 41% and 39% of heat by the steam and hot air [157]

BF slag Aiir blast by rotating cup atomiser Demonstration Recover 59% of the slag heat [157]

BF & BOF slag Spinning granulating Demonstration Obtain hot air at a temperature of above 600<C [157]
Chemical method

BF slag Drive thermoelectric power generation device Simulation Produce 0.93 kW power per square meter heat transfer area and [158]

achieve 2% conversion efficiency
BF slag Produce Hy-rich gas by wet sludge gasification Experiment Heat recovery rate of 64.35% [159]
BF slag Produce Hp-rich gas by catalytic pyrolysis of Experiment Achieve complete pyrolysis of biomass [160]
biomass

BF slag Produce syngas by bio-oil dry reforming Experiment The conversion of optimal bio-oil can reach 90.15% [161]

BF & BOF slag Biomass gasification Experiment Recover 1.1 MJ heat from the slags kg biomass [162]

BF slag Steam gasification of coal Kinetic analysis BF slag accelerates the gasification rate [163]

BF slag Pyrolysis of printed circuit boards Experiment The boards are effectively pyrolysed with a slag/board ratio of 5:1  [164]

BF & BOF slag Convert hot slag into qualified raw materials in Demonstration The upper limit proportion for the amount of modifiers is about [165]

cement, concrete and road pavement 19-25 wt.%
BF & BOF slag Convert hot slag into glass ceramics, mineral Demonstration The energy save rate is up to 80% [165]

wool and potassium silicate fertiliser
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b) By-product gas for thermal utilisation

As mentioned above, by-product gas is a main part of secondary energy resources, which
accounts for 30-40% of total energy consumption of iron and steel industry. In addition to direct
utilisation of by-product gases illustrated in Section 2.2.3, the gases can be served as a fuel by means
of their thermal and chemical energy. For thermal use, the gases are burned for heating different
furnaces, steel before rolling, slabs or fed to a thermal power plant. It is indicated that most steel mills
in Europe have developed thermal integration projects and Chinese steel mills start to convert COG
into liquefied gas.

Coke dry quenching recovers the sensible heat of red-hot coke by using inactive gas in a dry
process. After coke is cooled to approximately 200 C, the circulating gas has been heated up to 800<C
or higher which could generate high temperature and pressure steam in the boiler. The steam is used
as process medium or driving force for power generation [166]. During iron smelting process, BFG
has a pressure of 2-2.36 bar and temperature of approximately 200<C at the top of furnace. Equipping
TRT unit is the best way to recover the thermal energy contained in the BFG [167]. Energy is
recovered by means of an expansion turbine which is installed after the top gas cleaning device [53].
TRT systems are categorised as wet and dry systems, depending on the method that they use to
remove the dust particles. A typical modern TRT of the dry type generates 0.055 MWh 1 of pig iron
under the condition of high-pressure operation of the BF, whereas a wet-type TRT generates 0.03
MWh 1 of pig iron [50]. The schematic flow diagram of wet and dry TRT processes is shown in
Figure 2.13. Other case studies using by-product gases for thermal use in iron and steel industry are

summarised in Table 2.9.

Wet type dust

collector Gas holder

Dust
catcher

TRT turbine
BF

Dry type dust 140-180°C

collector

Figure 2.13: The schematic flow diagram of wet and dry TRT systems [49].
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Table 2.9: Selected cases for thermal utilisation of by-product gases.

Gas type Use Steel company/Location Remarks Ref.
BFG&COG Power generation ArcelorMittal Tubar&/ Brazil ~ Three power plants are based on Rankine regenerative cycle; Plant 1 [168]
and 2 generate 132 MW whereas Plant 3 produces 69 MW
BFG&COG Power generation -/China On-site test of using the recovered waste fuel gas to power the boiler; [169]
A high stability could be achieved
BFG&COG Power generation Alchevsk Coke Plant/Ukraine Use 9 MW turbine generator to generate a net annual power of [170]
54x10% MWh
BFG&COG Heating and power generation Sandvik AB (scrap-based steel ~ Gases are to drive combined heat and power (CHP) plant for power [13]
plant/Sweden generation and district heating; TRT technology is used to generate
electricity with 0.04-0.06 MWh electricity +* of iron
COG Power generation Profusa/Spain Plant power output could reach 8.95 MW [171]
COG Heating and power generation Shandong Jinneng Coal Power output is around 0.0016 MWh m-2with 3.09 kg simultaneous [135]
Gasification Co., Ltd./China steam production

LDG Power generation Aceralia/Spain Plant power output could reach 0.0121 MW [171]
LDG&COG Heating and power generation -/Spain When the energy is produced only with LDG&COG, 169.42 [172]

Nm?® MWh of natural gas are saved
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2.4.2 Waste heat usages
a) Heating

Heat exchanger is the most investigated methods to recover waste heat in the iron and steel
industry. Recuperators, regenerators, and heat pipe are used for preheating and reheating [19].
Recuperator has a variety of types, which are determined by heat transfer methods in terms of simple
radiation, convective, tube type, combined radiation and convection type. It usually exchanges high
temperature heat which comes from either metallic or ceramic materials. Regenerators are more
frequently used for coke ovens, which are adopted to preheat the hot blast and blast stoves used in
iron making. Regenerative furnaces are composed of two grid chambers and each contains refractory
material i.e., the checker. In one chamber the combustion gases pass through the checker and enters
the furnace in the other chamber, and the checker is heated, or regenerated with the outgoing hot
exhaust gas. The furnace operates alternatively, and the flow is reversed so that the new combustion

air can be heated by the checker. A typical diagram of regenerative furnaces is shown in Figure 2.14.

@) (b)

Figure 2.14: A typical diagram of regenerative furnace (a) schematic, (b) photo [4].

As a common heat exchanger in steel mill, waste heat boiler is suitable to recover heat from
medium to high temperature exhaust gases and is used to generate steam as an output which can be
used for power generation or back to the system for energy recovery. It mainly consists of water tubes
that are placed in parallel to each other and in the direction of the heat leaving the system [15]. An
auxiliary burner is usually needed if the waste heat is not sufficient to produce the required amount of
steam [173]. Sensible heat of coke can be captured by CDQ in which hot coke is quenched by inert
gases and the recovered thermal energy is used to generate steam in a downstream boiler [174]. When

the BOF uses the open combustion system, a waste heat boiler is always required to recover waste
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heat which results from the reaction of oxygen in the furnace gas duct [15].

Another heat recovery device is the gas to gas passive air preheater for low to medium
temperature, which could be generally divided into plate type and heat pipe. Plate type is quite
common which has different parallel plates for hot and cold gas flow [175]. Considering heat pipe
type, working fluids are operated between hot and cold ends of each pipe which has a capillary wick
structure [176]. Ma et al. [19] designed and established a waste heat recovery experimental system by
using a heat pipe heat exchanger for recovering the heat in a slag cooling process. It is indicated that
heat transfer performance is improved by using online cleaning device. Thermal resistance of outer
surface is reduced by removing the dirt.

Heat pump is thermodynamically originated from an inversed Carnot cycle, which happens in
the opposite direction of spontaneous heat transfer. Based on this thermal cycle, it is defined as a
device that could absorb heat from a relatively cold source and release it to a hot source by consuming
a small amount of external power [177]. Heat pump systems show great potentials to extract heat
from various heat sources. For instance, cooling water in the iron and steel industry which could be
used for the antifreeze of coke, crush and sieving system, and district heating of office and operating
rooms. It is worth noting that the upgraded heat should be reused in industrial processes of steel work.
It is meaningless to upgrade the heat source for power generation or other energy conversion systems
by using heat pump systems though energy efficiency will be improved slightly. Table 2.10

summarises selective case studies of heat to heat technologies in steel and iron industry.
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Table 2.10: Selected studies of heat to heat technologies for iron and steel industry.

Process Waste heat recover method Technologies Remarks Ref.
Recover the sinter cooler’s exhaust gas The system allows up to about 60% of exhaust heat
Sintering as steam, and reuse of exhaust heat as Recirculation from the sinter cooler to be reused as steam or [178]
thermal source of sinter production electricity
Preheat the coke oven using the Regenerators are suitable for high temperature
g Regenerator oo s [15]
remaining recycled gas applications with dirty exhausts
Coking Extract hot gas from the oven flue gas Radial heat pipe  The system can produce saturated steam 0.19 t* coke [179]
to provide a heat source
. For a plant with 450000 t y* coke capacity, 450x10°
CDQ to generate steam Waste heat boiler MWh y steam can be produced [49, 51]
Recover waste heat from the The typical operating temperature of reheating
combustion exhausts for reheating the Regenerator furnaces (1350<C) is achieved without natural gas [15, 180]
BF and preheating the combustion air enrichment
Iron making Hot stove waste heat recovery device Rotary, plgte and The recovery rate of hot stove flue gas sensible heat [49]
heat pipe ranges from 40-50%
0,
Recover waste heat from cooling water Heat pump Waste heat can cover 50../0 .Of th_e total heat need from [181]
Nykdping city
-1 - -
Recover waste heat from the furnace Waste heat boiler 0.19 GJ 1 energy can be saved when implementing [84]
gas duct heat recovery method
Steel making . . As waste water mass flow rate varies between 0.8-1.9
Recover waste heat in a slag cooling . 31 .
rOCess Heat pipe m3 h, effectiveness of the exchanger ranges from [19]
P 0.085-0.102
. Recover waste heat in a steel wires . Heat recovery rate during laboratory test is 0.005MW
Rolling cooling process Flat heat pipe and in the industrial test is 0.01 MW [18]
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b) Power generation

For low grade heat recovery, power generation technologies are still considered to be the major
energy conversion methods if no heating, cooling or other demands are required to be satisfied.
Thermal driven power technologies have various thermal cycles in terms of different heat source
temperatures. Rankine cycle is a typical thermodynamic cycle which converts waste heat to
mechanical power. The suitable temperature for steam Rankine cycle is better to be higher than 340<C.
Otherwise, the cycle becomes less efficient due to low pressure steam [182]. Performance of ORC
and KC are better than that of Rankine cycle when using low temperature heat source. Similar with
Rankine cycle, organic working fluids with low boiling point temperatures are adopted to utilise the
lower temperature heat source such as industrial waste heat and solar heat. Low temperature heat is
transferred into useful work output [183]. The most appropriate temperature range for ORC depends
on the selected refrigerant, which will have an influence on thermal efficiency. Nonetheless, the main
disadvantage of Rankine type cycle is that the endothermic evaporation process keeps constantly
boiling which could not well match the trend of heat source. Due to the large temperature difference,
energy efficiency cannot be further improved. Comparably, KC was invented in the 1980s. It has a
variable temperature gradient in the evaporating process by using binary mixture of ammonia and
water, which could bring about a relatively high energy efficiency [184]. Besides, thermoelectric
power generation and thermophotovoltaic systems are being developed that can generate electricity
directly from heat [185, 186]. Table 2.11 indicates heat to power cycles for waste heat recovery in
terms of heat source type, temperature range, thermal efficiency and capital cost. Rankine cycle and
KC have the relatively high suitable temperature range of heat source whereas ORC has a lower
temperature range. Thermoelectric generator (TEG) may have a wider temperature range by using
various TEG materials. However, this technology has a lower thermal efficiency which hasn’t been
large-scale demonstrated in the iron and steel industrial section and its capital cost is higher than other

power generation technologies [187].

Table 2.11: Heat to power cycles for waste heat recovery [4].

Cycle Heat source Temperature  Thermal efficiency Capital cost
Rankine cycle Exhaust from furnaces. 340-550C 28%-42% $1.1-1.4 Mw!
KC Exhaust from furnaces or boiler. 100-400C 19%-38% $1.1-1.5 Mw!

Gas and boiler exhaust, heated

ORC
water

70-300C 4%-10% $1.5-3.5 MW
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Thermaeleciric Not yet demonstrated in industries  150-1000C 2-10% $ 20-300 MW

eneration

Thermophotovoltaic 1000- 70 ) o
systems Exhausts from CC 1500C 2-1% $0.4-3.4 MW

One representative case of KC in steelwork is shown in Figure 2.15 which is in Kashima Steel
Works of Japan. The demonstration operated by Sumitomo Metals has successfully recovered waste
process heat and generating 3.45 MW sustainable power since the September of 1999. More than a
decade after installation, KC power plant continues to operate efficiently and reliably [188]. For
demonstration of ORC systems, Ramirez et al.[20] presented a project i.e., a large-scale ORC plant in
a steel mill which has been installed at ORI MARTIN in Brescia (ltaly). Waste heat was recovered
from the fumes of the EAF to produce saturated steam which was then delivered to the ORC for
power generation. The ORC system has a power output of 1.8 MW and a net efficiency of 21.7%.

Table 2.12 indicates selected case studies of KC and ORC systems in steel and iron industry.

1) Development of technology to reduce CO, emissions from BF 2) Development of technology to separate and recover CO,
i ) |
: U Reduced coke consumption -Chemical absorption method &
] Y Tectrol ; . . - -Physical adsorption method S
| echnology to manufacture coke Coke BFG <
N Hydrogen for hydrogen-reduction BF [ - S » =
| increase
ol C CO-rich gas g
b2 g J 3
ol S
5! e : 3
gl - c B | Regeneration
&I LR e Coke oven Blast
i VS 1 | Furnace tower
=i BREIC Nl T and high Il\k
%: | E Hydrdgents igh-strength and high-reactivity coke 4 Reboiler
LY i — 3
Iron ore co Absorption
preliminary tower 4
. Technology to manufacture coke- Technology to control .
sz e substitute reduction material reaction in hydrogen CO; separation and
¢ technology ¢ reduction BE. ... #) i recovery technology
Sensible heat recovery technology Waste heat recovery boiler
......... or slag.(Example)...........
H Hot blast i |
i i > @) Steam
i SCold blast}
H = i ORC/KC power i
: generation gystem Electric power |
: - . Pig iron
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(b)

Figure 2.15: Case of KC demonstration with steel industry (a) schematic, (b) photo [189].

Table 2.12: The demonstration studies of KC and ORC systems for steel and iron industry.

Waste heat Cycle  Working fluid Remarks Ref.
Waste industrial KC Ammonia 4.5 MW power output is achieved with a water [188]
heat source/98<C water flow rate of 1300 t hour!; The total investment

cost is about $ 4 million or about $1.1 MW-!
Exhaust gas from ORC Benzene The net electric efficiency of 11% provides an [190]
coke production/ electricity generation estimate of 80 MW !
221 coke
Flue gases/529.6C ORC Siloxane ORC has a power output of 1.8 MW and a net [20]
efficiency of 21.7%
Residual heat from  ORC Siloxane The 0.7 MW nominal capacity unit is installed [191]
off-gas of reheating operated by NatSteel in Singapore
furnace
Waste heat of off-  ORC Siloxane It is the world first ORC based energy recovery [192]
gas from system at an Electric Steel melting plant in
EAF/245<C Riesa Germany, which could produce 2.7 MW
nominal capacity
Waste heat from ORC Siloxanes An electricity output could reach 0.521 MW and  [193]
EAF /245<C 4.52 MW heat can be supplied for a CHP heat
network
Wiaste heat from ORC R245fa The ORC has a power output of 0.2518 MW [194]

walking beam slab
reheat
furnace/122<C

and an energy efficiency of 10.2%

¢) Refrigeration

Thermal driven refrigeration technology is another research hot spot for low grade heat recovery

[195]. Compared with power generation cycle, the relatively low heat source temperature is further

utilised due to their operational principle. Various thermal cycles could be adopted to realise cooling

effect, e.g. absorption cycle and adsorption cycle.

Absorption refrigeration is basically composed of four components i.e., generator, evaporator,

condenser and absorber. Through high pressure and low pressure level, heat could be converted to the

cooling effect through generating process of generator and evaporation process of evaporator. The
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common working pairs are ammonia-water and lithium bromide (LiBr)-water. Ammonia-water
working pair could achieve freezing condition and air conditioning condition, which is mainly applied
in freezer due to the fact its evaporation temperature can reach as low as -60<C. Lithium bromide-
water working pair could only operate for air conditioning condition. The lowest thermal driven
temperature lithium bromide-water absorption chiller is about 90<C which is much lower than
ammonia-water system i.e., about 120C [196]. For commercial use, lithium bromide-water
absorption chiller has been the most commonly used unit. Similar to absorption refrigeration,
adsorption refrigeration is composed of adsorber, desorber, condenser and evaporator. Heat could be
converted to the cooling effect through desorption process of desorber in high pressure side and
evaporation process of evaporator. It is based on solid-gas reaction using various working pairs in
terms of water-based, e.g., zeolite as well as ammonia-based, e.g. CaCl,, which could be generally
classified into physical sorption and chemical sorption. Physical adsorption is driven by Van der
Waals force whereas chemical reaction happens between the adsorbent and the adsorbate, and new
types of molecules will be formed in the adsorption process [197, 198]. Currently, silica-gel water
adsorption chiller is the only commercial product, which has a desorption temperature as low as 55<C
[199, 200]. Table 2.13 generally summarises thermal driven refrigeration cycles for waste heat
recovery in terms of working pair, driven temperature, thermal efficiency and their characteristics.
Driving temperature and thermal efficiency are all related with constraint temperature. 5<C
evaporation temperature is used for water chiller whereas -15<C evaporation temperature is mainly
adopted for ammonia systems. LiBr-water absorption refrigeration could be applied to the iron and
steel industry whereas silica-gel water adsorption system is relative mature technology in real
application. Other types are required for further improvement though they have the potential

advantages of achieving the freezing condition.

Table 2.13: Heat to refrigeration cycles for waste heat recovery [200, 201].

Driving temperature/Thermal

Cycle Working pair Status - Remarks
efficiency
Double stage, 75<C/0.25; Hiah pressure
: . Basic, 120<C/0.55; gh pressure,
Ammonia-water Demonstration achieve freezing
Generator-absorber heat condition
Absorption exchange, 120-160<C/0.8-1.4.
refrigeration Double lift, 60<C/0.35; Suitable for solar
LiBr-water Commercial Single effect, 90C/0.7; enerav air
use Variable effect, 90-135<C/0.8- 'gy a
conditioning

1.1;
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Double effect, 150<C/1.3.

Simple structure
and easy to
control

Water-based, e.g. silica-gel Demonstration Silica-gel water, 55-120<C/0.6;
water, zeolite water, etc. Zeolite water, 150<C/0.3 etc.

CaCl, ammonia, 120<C/0.3-0.4;
Lab-scale SrCl; ammonia, 120<C/0.3-0.4
etc.

Lab-scale AC methanol, 70-120<C/0.2.

Adsorption

; ; Ammonia-based, e.g. metal
refrigeration

halide ammonia, etc.

Other-based, e.g. Activated
carbon (AC) methanol

Achieve freezing
condition

Achieve freezing
condition

For thermal driven refrigeration, it could be adopted as a separated technology, which is able to
be integrated with power generation technology for extra cooling effect. It is generally acknowledged
that power and refrigeration cogeneration is a desirable way for waste heat recovery in most
applications of steel industry. The cogeneration could be generally classified into two types, i.e.,
combined cycle and cascading cycle. The combined cycle commonly achieves the cooling and power
output in one working cycle [202] whereas cascading cycle is to produce the respect effect in a half
cycle [203]. The combined cycle could reach a high thermal efficiency, and cascading cycle can gain a
high exergy efficiency of heat source [204]. Although various cogeneration research studies have been
investigated, less demonstration has been reported in iron and steel industry due to demands, cost, and
space. Presenting these studies is to reveal the potentials and advantages of cooling technologies in
real application which keeps the consistency and completeness of the heat driven options for thermal
network in this paper.

Table 2.14 shows selected studies and demonstrations of thermal driven refrigeration which tend
to be applied in steel and iron industry. Due to unique characteristic of ammonia-working pair, studies
of combined cycle based on KC are comprehensively investigated. The cascading system by using the
commercial technology is more suitable for real application. Thermal driven refrigeration e.g., LiBr-
water absorption chiller and silica gel-water chiller could be good candidates as the second stage of

cascading system for power and refrigeration cogeneration.
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Table 2.14: Selected studies of thermal driven refrigeration in steel and iron industry.

Waste heat Cycle Working pair Another cycle Research Remarks Ref.
Exhaust gas  Absorption Ammonia-water KC Thermal analysis Thermal and exergy efficiency are 24.2% and 37.3% [205]
/350C
Exhaustgas  Absorption Ammonia-water KC Thermal analysis 18.2% reduction is realised in energy consumption [206]
/450C
Hot water/ Absorption LiBr-water ORC Simulation The system reaches thermal efficiency and exergetic [207]
140C efficiency of 38% and 26 %
Hot Absorption LiBr-water ORC Simulation The simulated thermal efficiency of the combined [208]
water/above cycles is improved by 1.5%
75<C
Hot Adsorption  CaCl,-BaCl-NH3 ORC Thermal analysis Energy and exergy efficiencies are 10.1-13.1% and [203]
water/95<C 18.5-20.3%
Hot 0il/140C  Adsorption  Silica-gel/ AQSOA- ORC Thermal analysis Maximum adsorption power efficiency is 4.3% using [209]
Z0O2/MOF water silica-gel, while maximum ORC power efficiency is
18.3% using R141b
Flue Adsorption Silica-gel ORC Experiment Two systems are cascaded to produce 3 MW electricity [210]
gases/250C water (Demonstration) and 0.05 MW cooling power
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2.5 Summary

Iron and steel industry consumes considerable primary and secondary energy. Improving energy
efficiency are developed in terms of steel products, technologies and operating practices which could
more or less reduce energy consumption, respectively. To further explore the potentials of energy
saving, the demands and supplies should be considered from an overall perspective.

In this chapter, a comprehensive literature review of primary and secondary energy saving and
decarbonised technologies of iron and steel industry are developed. Detailed metallurgical routes of
iron and steel production are described. The contributions have been classified into three levels. First,
the overarching energy consumption in iron and steel industry is presented. Second, independent and
interdependent primary and secondary energy technologies are clearly reviewed and compared.
Primary energy technologies aim to reduce the energy demands while the secondary energy
technologies consider the conversion of thermal energy. Finally, the review found that fuel
substitution technologies and waste heat recovery technologies have wide application prospects in
iron and steel industry. Although these technologies have been practiced in many iron and steel cases,
the combination of two kinds of measures and an overall optimisation of integrated system have

rarely been studied. The following chapters will mainly revolve around this research gap.
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Chapter 3
Process simulation of iron and steel

plant

Global crude steel production climbs with the increase of the demands, which has grown by
seven times since 1950 and it is expected to increase by 1.5 times before 2050 [211]. Inevitably, the
continuous increase in steel production and consumption will bring about an increase in industry’s
energy use. In this chapter, a process simulation based on a real iron and steel plant with a 4.7 Mt
annual steel capacity in the UK is developed for further investigation of energy saving technologies
and mass-thermal network optimisation. Current development of iron and steel industry in the UK are

summarised. Details of mass and energy balances of each process are described here.

3.1 Current status of iron and steel industry in the UK

Iron and steel industry is the largest industrial sector in the UK in terms of energy demand and
greenhouse gas (GHG) emissions which account for 25% of GHG from UK manufacturing (as seen in
Figure 3.1) [212]. Large amounts of GHG emissions result from major consumption of coal in iron
and steel industry. As shown in Figure 3.2, coal consumption peaked at 264PJ in 1973, and declined
dramatically to 25PJ in 2017, but it is still a crucial energy source of the UK iron and steel sector. The
rest of the final energy consumption come from natural gas, electricity and petroleum. The use of
natural gas grew to the peak at 73PJ in 2000 but it began to fall after that. Primary electricity shows
the highest consumption at 53 PJ in 1979 and is followed by a gradual decrement. Petroleum has
gradually been eliminated and no longer been an energy source in the sector. The overall energy
intensity of UK steel manufacturing experiences a significant drop over the last fifty years and is

mainly accompanied by a drop in crude steel production capacity.
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Figure 3.2: Energy split of UK iron and steel from 1973 to 2017, [214].

private steel sectors at Port Talbot in South Wales.

46

Since 1970, iron and steel industry in UK has been substantially declined and experienced
reconstruction. Figure 3.3 presents current iron and steel sector distribution in UK based on different
production routes. Steel production in UK is concentrated in the BF/BOF route (ore-based
steelmaking/primary steelmaking) and the EAF (scrap-based steelmaking/secondary steelmaking).
Primary steelmaking is spread over three UK integrated steelworks (Teesside works, Scunthorpe, and
Port Talbot), and secondary steelmaking is distributed in four steel plants (Rotherham, Tremorfa, and
two in Sheffield) [212]. In recent years, steel producers adopt actions of reduction in steel capacity to
achieve target of energy conservation and emission reduction. Nearly half the decrease in industrial
GHG emissions results from these measures [215]. Energy saving technologies from primary and
secondary energy sources also play a critical role in energy and CO, emissions savings for UK iron

and steel processing. In this study, the base case of iron and steel plant is based on one of the biggest
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3.2 The studied system

A nearly 4.7 million tons of annul steel slab capacity iron and steel plant is considered as the
studied base case throughout the thesis. The plant is an integrated iron and steel production lines
based on primary steel production route with a power plant. The whole steelworks are characterised as
networks of interdependent flows through primary products and by-products from each process.
These processes are composed of raw material preparation, iron making, steel making, and steel
casting and rolling. In this system, BF process is the main operational unit where the reduction of
oxide ores occurs. The ore input of BF is from pure sinters. Therefore, the system is not covered with
pelletising plant. Main reducing agents of ironmaking process are coke and PC. Waste heat recovered
in the process and from by-product gases are used as heating sources for each unit and the main fuel

for a nearby power plant. It is assumed that the kinetic energy of heat transfer and working fluid in the
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cycles are negligible. Also heat losses and pressure drop of components in the system are negligible.

The reference environmental temperature and pressure are 25 °C and 1 bar.

3.2.1 Input and output streams

An overview of production streams of each process is presented as Figure 3.4 to Figure 3.12.
Data in the figures have been provided by Tata Steel Europe LTD, [217]. Data is averaged over the
years and the error margin of data is reported to be #10%. Information on gases came from the
environmental department of the participating site and information on cooling water was obtained
from cooling tower manufacturers. Steam waste heat has not been quantified by thermal energy audit
used for this study. It is estimated that the steam energy waste from the system of 11 bar pressure is at
0.83 PJ yr?, which is equivalent to approximately £ million of natural gas utilisation. The demands

of resources are different for various production routes.
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Figure 3.7: BOF steelmaking process diagram
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The capacity of each production process is given in Table 3.1. Nearly 4.7 million tons sinter of
annul capacity is produced in the sinter plant. The yield of coking plant in this study is 0.9 million
tons of coke per year which significantly depends on the properties of coal and coking process itself.
A high productivity BF with annual production of 4.3 million tons pig iron is used here. Total 4.9
million tons liquid steel is achieved in the primary BOF steelmaking procedure. After CC process,

total yield of cast steel is recorded as 4.7 million tons.

Table 3.1: Capacity of each production process.

Product Total sinter Total coke Total pig iron Total liquid steel Total cast
Capacity

4.7 . 4. 4, 4.7
(Mtyrd) 0.9 3 9

As specific data with regard to the input is not mentioned in above figures, mass flow and energy

flow of each plant i.e., resources consumption of per ton of product are taken from McBrien et al. [84].
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The injection and output rate of each process are shown in Table 3.2. The second column lists mass
flow factor of each flow, which can calculate results of input and output when the quantity of product
is known. In order to use a unified unit to describe input and output, one ton of pig iron capacity is set
as the baseline, thus the results in the third column reflect the demand and production when producing
one ton of pig iron or using one ton of pig iron as feedstock. The unit is expressed as kilogram of per
ton of hot metal (kg t533;). Followed by the sinter production and coking process, the applied sinter
rate and coke rate of BF amount to 1394 kg tj;3; and 410 kg ¢y, respectively. Meanwhile, 102

kg t5y PC is consumed as BF auxiliary reducing agent.

Table 3.2: Mass and energy flows within iron and steel industry processes

Stream Mass flow (tsiweam fproduct’’) [84]  Mass flow (Kg t5i,)
Sinter inputs

Ore 1 1394
Coke breeze 0.05 69
Combustion air 0.6 836.4
Sinter outputs

Sinter 1 1394
Exhaust 0.65 906.1
Coking inputs

Coal 1.3 533
COG 0.1 41

Air 1.1 451
Coking outputs

Coke 1 410
COG 0.2 82

Tar 0.1 41

Flue gas 1.1 451

BF inputs

Coke 0.41 410

Coal 0.102 102
Sinter 1.394 1394

Air 1.22 1220
Natural gas 0.058 58

BF output

Pig iron 1 1000
BFG 1.6 1600
Slag 0.3 300
Blast stove exhaust 0.21 210
BOF inputs

Pig iron 0.98 1000
Scrap 0.09 91.837
Oxygen 0.07 71.429
BOF outputs

BOF exhaust 0.1 102.041
Slag 0.03 30.612
Steel 1 1020.408
Casting inputs

Steel 1 1020.408
Casting outputs

Steel 1 1020.408
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Rolling inputs

Steel 1 1020.408
Natural gas 0.03 30.612
Air 0.72 734.694
Rolling outputs

Reheat exhaust 0.76 775.510
Steel out 1 1020.408

Figure 3.13 shows mass flow of the studied case in the form of a Sankey diagram. The width of
each link represents the quantity of mass flow. The figure shows the iron and steel production chain
from inputs on the left side to the outputs on the right side. A small amount of natural gas is required
for BF ironmaking and hot rolling processes. Generally, it is used to complement the combustible
gases at processes or input as the fuel gas. Air is drawn through the feedstock layer by fans for
combustion and it is the largest input part of the entire supply chain. Hot blast stoves in ironmaking
process will heat compressed air for feeding hot blast to the BF. In this case, coke yield of coking
plant presents deficit to requirements of ironmaking, thus 49% of coke input comes from purchase.
BF ironmaking process is the largest mass and energy consuming unit. For steel making, a 14% scrap
is recycled for utilisation as input of ferrous burden. A small yield loss of iron and steel in the BF and
BOF are presented as formation of slag. Apart from the main steel product, flue gases and BFG show
the significant proportion of output and about half of these gases could be recovered to supply process

heat or to raise temperature of furnaces.
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Figure 3.13: Mass Sankey diagram for primary steel making supply chain.

3.2.2 Waste heat sources
To evaluate waste heat stream exist in the whole processes, calculation of the quantity of energy
is used as equation 3.1 [218]:
Qwaste = MC,AT (3.1)

where Q,,qsce IS the heat quantity of waste heat stream, which represents thermal energy carried by
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waste heat streams, m is mass flow rate of the substance, C,, is the average specific heat of waste heat
flow within the temperature difference, and AT is temperature difference.

The main sources available for thermal energy recovery are illustrated in Table 3.3. Thermal
energy from granulation products, i.e., sinter, coke and slag are usually recovered for preheating air
and input, whereas those from steel products such as steel, cast steel and rolled steel are rarely reused.
These high temperature steel outputs always carry the heat to the following process, thus there is no
heat exchange existing. Sinter flue gas at temperature of 300-350<C is the main stream available for
recovery. Most of the exhaust gas at 250 <C from coke oven is reused in the plant. Hot stove exhaust at
250°C from BF and rolling exhaust at maximum temperature of 700°C are commonly recovered and
wildly employed through all processes. The large quantities of waste heat within low temperature
range are also available in the cooling water at temperature around 50°C, which can be upgraded with
a heat pump. The by-product gases from coking, BF, and BOF involve the chemical energy that could
be applied for combustion. It should be noted that waste streams due to inefficiencies in the process

could not be captured.

Table 3.3: Heat outputs and chemical energy produced from per ton of steel [4, 84, 219].

Target Heat

Process Output T(C) temperature capacity Thermal 4
(<) (G 1T energy (GJ t1)
Thermal Sinter 700-800 25 1.2140°%- 0.88-0.94
energy from Coke 1000-1100 25 0.540° 0.55-0.59
solid product Steel 1200-1600 1200 3.540° 0.7-1.39
Cast steel 800 700 5.740% 0.3-0.57
Hot rolled 900 25 0.6 4103 0.53
steel
Thermal BF slag 1450-1500 25 0.340°3 0.49
energy from BOF slag 1500-1700 25 0.0340°3 0.02-0.05
slag
Thermal Sinter flue gas 300-350 25 2.140°3 0.34-0.69
energy from COG 649-982 25 0.240° 0.17-0.18
gas Coking flue 250 25 0.440°3 0.10
gas
BFG 180-500 25 1.7 403 0.32-0.82
Blast stove 250 25 0.340°3 0.06
exhaust
LDG 1600-1800 25 0.140°% 0.18-0.21
Rolling 700 25 0.340°% 0.20
exhaust
Thermal Sinter cooling 50 25 5.8410°% 0.146
energy from water
cooling water Coking 40 25 6.9 403 0.104
cooling water
BF cooling 40 25 0.063 0.95
water
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BOF cooling 35 25 7.940°3 0.079

water
CC cooling 30-45 25 0.028 0.3-0.55
water
Chemical COG 649-982 25 0.240° 0.69
energy BFG 180-500 25 17403 4.12
LDG 1600-1800 25 0.140° 0.13

3.3 Process modelling

Since the integrated iron and steel production processes are complex multi-component systems,
to fully analyse and examine the properties of each flow and build a basic model which could be
applied when data of case study is limited, Aspen Plus simulation software is used here and it is a
very powerful process simulator and a mathematical tool for many types of thermodynamic
calculations and the steady-state simulation of complex chemical processes [220]. The software offers
operations like separators, reactors or columns, databases for the physical properties of the chemical
components and mathematical algorithms for the iterative convergence of recycling loops [221].

There are several ways to build up process models, ranging from simple time and event driven
approach to highly sophisticated models which are between system simulation iterations. The inputs
and outputs of each subsystem are communicated between each applicable subsystem [222]. During
the simulation, each parameter and controlling will be adjusted repeatedly to simulate the best
operation conditions. The proposed improvements need to be added to mitigate energy consumption
and increase overall efficiency. The simulated results must be compared with the real-time data to
validate the accuracy of the simulation. Furthermore, process evaluations like sensitivity analyses and
process optimisation also can become possible through Aspen Plus.

Based on the process evaluations of case studies, a model that combines calculated production
flow and equations of the whole iron and steel production processes will be set up including all
required parameters such as temperature, pressure and flow rate. The Solids method is used to
calculate the properties of all the components, which is a common property and calculation method
for solids and pyrometallurgy applications. In case study, all the working cycles and components
operate under steady-state conditions and thermodynamic equilibrium. These process models can be

built for each production plant to provide proper data and solve the specific problem.
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3.3.1 Modelling of the sinter plant

The sinter process is applied to combust the mixture of raw material ores and coke breeze into
the agglomerate. Ores contain a large number of hematite (Fe2Os3) and its composition is shown in
Table 3.4. Coke breeze obtained from the on-site coke plant is directly used as fuel for sintering. The
sinter strand is divided into four temperature zones which are four equilibrium reactors with
temperature of 150 °C, 1200 °C, 900 °C, and 700 °C, respectively. These zones are driven by Gibbs
free energy minimisation operation model RGibbs in the Aspen Plus. The reactor can efficiently
calculate chemical equilibrium in multiphase and systems. The calculation is to find a solution that
minimises total Gibbs energy of the system. The sintering is progressed along the sequence of reactors.
The first equilibrium reactor with temperature of 150 °C is the preheating zone. Output sinter stream
is then divided into two or more material streams through the component splitter. Stream order and
split fraction which is defined for fraction of inlet stream going to different outlet are two factors
needed to be specified for splitter. Air flow is spread to three main reactors to create sufficient
sintering heat. A number of metallurgical reactions overlap and influence each other between the solid,
liquid, and gaseous phases during the sintering process. After sintering, the produced materials
leaving from reactors are combined in a mixer to the cooling, crushing and screen columns.

Figure 3.14 indicates the total flow-sheet of iron and steel plant simulated in Aspen Plus.
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A
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Reactor3 Seperatorl
Reactor4
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T — Temperature — Sinter flow

S — Sinter —— Air flow

SP — Splitter

Figure 3.14: Schematic diagram of the sinter strand process in Aspen Plus.
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Table 3.4: The composition of raw material ore.

Component Value %
Fe;0s 82.45
CaO 7.27
SiO; 6.44
Al,Os 2.38
MgO 1.18
MnO 0.29

3.3.2 Modelling of the coke oven

Coke is a necessary material used in BF, which is produced from coking plant. As shown in
Figure 3.15, the whole coking plant constitutes four operation units, i.e., coking, flue gas cooling,
coke quenching, and COG quenching. The main coking process takes place in the coke oven where
coal is slowly burnt at 1100 °C to become coke product. Modelling approach for coke oven section
adopts the reactor RYield which aims to make mass balance calculations and specify the component

yields. The proximate and ultimate analysis of primary coking coal is shown in Table 3.5.

Coke oven Separator

c coG = CcoG

x = —{ coc | S quenching unit
Air L J Combustion
oven

A C — Coke
34 « g —— Coke flow
Flue gas cooling unit Coke quenching unit —— COG flow

Figure 3.15: Schematic diagram of the coke plant in Aspen Plus.

Table 3.5: Proximate and ultimate analyses for the coal.

Coal
Proximate analysis (wt%o, dry)
Moisture 0
Fixed carbon 68.78
\olatile material 16.48
Ash 14.74
Ultimate analysis (wt%, dry)
Ash 14.74
Carbon 79.02
Hydrogen 0.6
Nitrogen 1.28
Chlorine 0
Sulphur 1.14
Oxygen 3.22
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The yield model of the coking process refers to [94], which are shown as equations 3.2 to 3.8:

Yeoke = 103.19 — 0.75V000; — 0.0067 Tooping (3.2)
Ycoc = k\/VOC()al - ycokevocoke (33)
Year = —18.36 + 1-53‘/Odaf,coal - 0-026(V0daf,coal)2 (3-4)
Ypenzen = —1.61 + 0.144V 0445 coar — 0-0016(V0daf,coal)2 (3.5)
18
YH,0 = Raodaf (3.6)
17
Yammonia = ﬁbN (3.7)
Vs = CSaqr (3.8)

Where Yeoxe Ycogs Years Ybenzens YH,01 Yammonia» Vs Tepresent the yield of coke, COG, tar, benzene,
H.O, ammonia, and sulphur, respectively; Vo,,q; and Vo,,. are the content of volatile matter of coal
and coke (Wt%, dry); Vo coarr Oaar @Nd S4q5 are the content of volatile matter, oxygen, and sulphur
of the ash free coal (wt%, dry), respectively; N is the content of nitrogen of coal (wt%, dry),
respectively; Teking IS COKiNg temperature; K, a, b, ¢ are coefficients of yield model, as listed in Table

3.6. The calculated yields of coking process are shown in Table 3.7.

Table 3.6: Coefficients of yield model [94].

Coefficient k a b c
Value 3.3 0.42 0.15 0.17

Table 3.7: Composition of products from coking process.

Composition Coke  COG Crude benzenes  Coaltar  Sulfur  NHs; H.0
Proportion (Wt%) 8341 12.27 1.50 0.58 0.23 0.23 1.78

Energy for heating the coking stream is provided by burning a mixture of air and recycled COG
in combustion chambers. All of the combustion chambers are lined with heating walls that supply
flues and air through inlet nozzles. Generally the average heating brick temperature is set at 1150 °C
to 1350 °C [53]. The RGibbs reactor is used to simulate the combustion process. The composition of
cleaned COG is listed at Table 3.8. The largest proportion of H, and methane makes COG a higher
calorific value about 17540 kJ m. The heat of flue gas emitted from combustion oven is recycled in

the flue gas cooling unit which is combined with COG quenching unit.
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Table 3.8: The composition of COG [94].

Composition H» CH,4 CO N2 CO; CoH4 0O,
Volume fraction (%) 58 26 6.2 4.5 2.2 25 0.6

During the process of coal dry-distillation, the volatile matter in the coal is released to form raw
COG. The gas is further processed in the COG quenching unit where COG is cooled and cleaned. In
this thesis, the modelling of COG cleaning, i.e., recovering tar, benzene, and sulphur is not included
since it is out of the targets for this study. Figure 3.16 shows the schematic diagram of COG cooling
combined with flue gas cooling section. The flue gas from combustion chamber is used as economiser
to pre-heat the feed water. Then the excess heat of flue gas is recovered by generating low pressure
steam. To recycle waste heat in the high temperature raw COG, pre-heated feed water is input to the
COG cooling unit. Superheated intermediate pressure (IP) steam is produced through evaporator and
superheater. The IP steam further enters IP turbine to generate electricity. Input parameters in the

model are given in Table 3.9.

Steam flow
COG flow
W — Work

CW — Cooling water

FW — Feed water Superheater

Turbine 1

Flue gas 2
Evaporator 1
>l Flue gas 3

cwa < CW3 @ EQ

Figure 3.16: Schematic diagram of COG cooling combined with flue gas cooling in Aspen plus.

59



Table 3.9: Input parameters of COG and flus gas cooing model in Aspen plus.

Component Parameter Value
Economiser Cold stream outlet temperature @ 230 °C
Evaporator 1 Cold stream outlet vapour fraction 1
Cold side outlet pressure 2 3 bar
Evaporator 2 Hot stream outlet temperature @ 450 °C
Steam drum Vapour fraction 1
Superheater Cold stream outlet temperature @ 450 °C
Turbine 1 Dischar_ge pressure 1.1678 bar
Isentropic efficiency 0.75
. Discharge pressure 2 0.03 bar
Turbine 2 Isentropic efficiency 0.75
Condenser Hot stream outlet vapour fraction 0
Pump 1 Dischargg pressure 1.1678 bar
Efficiency 0.65
Deaerator Outlet temperature @ 104 °C
PUMp 2 Discharge pressure @ 48 bar
Efficiency 0.65
Mass flow rate 107.5 Kg 54
Raw COG flow Inlet temperature 1053.56 °C
Feed water flow Mass flow rate 470 kg tin

CWwi1, CW2
CW3, CW4

Mass flow rate

4600 kg £l

Mass flow rate 408 kg tiy

2 Values are taken from reference [94].

Coke product from coke oven is sent to a dry quenching tower where inert gas is used to cool
down the red hot coke. Therefore, a large number of thermal energy is recovered during the CDQ
process. The flow diagram of CDQ process model is shown in Figure 3.17. As shown in diagram, the
inert gas is recirculated by passing through a series of heat exchangers which are used to heat feed
water. The feed water is then sent to the IP steam cycle to generate electricity. Specific parameters in
the model are given in Table 3.10. Operating conditions of IP steam cycle and IP turbine are same as

those in the COG and flue gas cooling section.
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Figure 3.17 Schematic diagram of coke quenching unit in Aspen plus.

Table 3.10: Input parameters of CDQ model in Aspen plus.

Component Parameter Value
CDQ Hot stream outlet temperature @ 200 °C
Compressor Hot side outlet pressure 1.0019 bar
Economiser Cold stream outlet temperature @ 230 °C
Evaporator 1 Cold stream outlet vapour fraction 1
Superheater 1 Cold stream outlet temperature @ 450 °C
Superheater 2 Cold stream outlet temperature 350 °C
Steam drum Vapour fraction 1
Mass flow rate 542.1 kg thm
Coke flow Inlet temperature 1053.56 °C
Inert gas flow Mass flow rate 825.5 kg th

Feed water flow Mass flow rate

2 Values are taken from reference [94].

272.3 kg t54

3.3.3 Modelling of the iron making process
In this study, reduction of iron oxide to hot metal is accomplished with solid coke and pulverised
coal. A high productivity furnace with a daily production of nearly 11781 t t53 at an ore burden of

1394 kg 55, coke rate of 410 kg 5%, and PC rate of 102 kg <5 is used here. The specific weight of
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ore burden and coke are 1800 kg m= and 470 kg m, respectively [223]. Thus to produce one ton of
hot metal, 1.65 m® (1394/1800+410/470) volume is needed in the BF for loading required feedstock.
It is known that a standard 3800 m® BF has 3260 m? useful burden volume with 10 m throat and 14 m
hearth, which needs 1.53 m® volume burden per day for producing one ton of hot metal [223]. In

proportion, the design parameters of BF in this study are calculated and shown in Table 3.11.

Table 3.11: Technical parameters for BF in basic case.

Parameter Reference [223] This study
Furnace volume 3800 m® 4818 m3
Useful burden volume 3260 m® 4134 m®
Throat diameter 10m 12.7m
Hearth diameter 14 m 27.8 m

The model flowsheet is presented in Figure 3.18. The starting point for ironmaking process is
feeding coke and agglomerated iron ore into the BF from the top. The PC as the addition of energy
input is introduced into BF through tuyées which are equally placed around the circumference of the
furnace. Coke and PC are both modelled as nonconventional solids in the simulation. Before feeding
solids to the reactor and combustion oven, coke and PC need to be decomposed into their constituent
elements, which are completed in the RYield block. The proximate and ultimate analyses of coke and
PC are considered for decomposition and the data are shown in Table 3.12. The high temperature air
enriched in oxygen produced in the HBSs is also blown from the tuyées. Hot blast and auxiliary
reducing agent PC are reacted in the combustion oven to provide counter reducing gas flow with a

high flame temperature. This combustion oven is simulated by using RGibbs block.
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Figure 3.18: Schematic diagram of the iron making process in Aspen Plus.

Table 3.12: Proximate and ultimate analyses for the pulverised coal and coke.

Coke PC
Proximate analysis (wt%o, dry)
Moisture 0 0
Fixed carbon 89.7 68.78
\olatile matter 3.17 16.48
Ash 7.13 14.74
Ultimate analysis (Wt%o, dry)
Ash 7.13 14.74
Carbon 89.7 79.02
Hydrogen 1.62 0.6
Nitrogen 0.62 1.28
Chlorine 0 0
Sulphur 0.31 1.14
Oxygen 0.62 3.22

Following a series of counter-current reactions in the BF where solids descend and reducing
gases ascend, iron oxide is reduced and the liquid iron is produced, correspondingly. The main

chemical reactions that derive the reduction of iron oxides are simulated in the stoichiometric reactor,
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i.e., RStoic model. The continuous melting process are divided in sequential five temperature zones
where the peak temperature could be higher than 1500 °C. The reaction equations and temperatures of
five zones are listed in Table 3.13. Following iron burden and coke moving down the furnace,
removal of oxygen starts at around 500 °C. The main step is the reduction of Fe,Os; to magnetite
(Fe304), meanwhile a small portion of Fe;Os is reduced to wustite (FeO) by carbon monoxide. The
additive, i.e., calcite (CaCQsg), is initially decomposed to calcium oxide around the temperature of
800 °C, and the process is simulated in the reactor BF2. At this stage, all of the FeszOj is reduced to
FeO. The temperature of metal gradually increases to approximately 1000 °C as the burden further
descends the furnace. In this zone, considerable amounts of CO gas are generated from carbon
gasification and then gradually diffuse and rise through pores of ore particles, resulting in the direct
reduction of FeO to iron. Hot blast injected from tuyé&es gasifies coke to generate hot gas of which
the temperature is generally in the range of 1900-2300 °C [223]. Side reactions, such as SiO reduction

into Si, and MnO conversion to Mn are all considered in this area.

Table 3.13: Temperature parameter and chemical reactions of RStoic model.

Blocks T(C) Reactions
3Fe,03+C0=2Fe304+CO>

BF1 500 Fe,05+CO=2Fe0+CO,
Fes0.+CO=3Fe0+CO,

BF2 850 CaC0s=Ca0+CO,

FeO+CO=Fe+CO;
BF3 1000 CO,+C=2C0
BF4 1300 CO+C=2C0
CO+MNO=Mn+CO,
C+0,=CO,
BF5 1900 FeO+C=Fe+CO

2C+Si0,=Si+2C0O

After these reactions, hot metal and slag are removed from the furnace hearth and tapped into cast
house where liquid iron and slag are separated. Since the slag has a lower density than that of hot
metal, slag would float on the hot metal. Hot metal is then transported to steel plant and slag is
processed to produce materials for various purposes. The subsequent dispose of slag is not included in
this research. BFG coming to the top of furnace and is sent to a purificatory unit consisting a bag

house and filter. The method to recover waste heat from BFG will be analysed in detail in Chapter 5.

64



3.3.4 Modelling of the steel making process

The molten pig iron is subsequently poured into the ladle of steelmaking process. This model
flowsheet is shown in Figure 3.19. In the steel plant, hot metal is refined in two main steps. The first
step is to remove sulphur in the hot metal, which is usually called desulphurisation. In this case,
fluxes such as limestone and CaC; are used to remove the sulphur according to equation 3.9, and this
process is simulated by using RGibbs block. The process of preheating desulphurisation ladle by
burning fuel gas is also modelled in RGibbs block.

2Ca0+35+CaC,=3CaS+2CO (3.9)

Followed by desulphurisation, the rest of unwanted chemical elements, i.e., C, Si, P, and Mn in
the pig iron are oxidised by adding oxygen into the converter. Oxygen reacts with Si, Mn, C, P in
sequence to produce SiO2, MnO, CO, and P.Os. The whole oxidisation reaction in BOF is opposite to
that in the BF. A tiny fraction of Fe can be re-oxidised, and the formed FeO is discharged with slag.
The energy required to raise temperature in BOF is generated from molten pig iron and reaction of
carbon and oxygen. A large number of heat is released from oxidisation of carbon and other elements,
causing surplus heat and high temperature that the heat is consumed by melting additional steel scrap.
Generally, the scrap accounts for 10-30% of the total steelmaking charge. Injection rate of scrap is
89.45 t 45y in this case. The whole converter unit is simulated by using RGibbs block. Table 3.14

shows chemical compositions of metallic charges in the basic oxygen steelmaking process.

Hot rolling 1 Crusher 1 ’
— & e
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[ 0 B [ 4® "
BOF sp1 <2 j 3 Hot/” .
Pig iron 1 rolling 2 N
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‘ Oxygen ‘ ‘Nitrogen‘ Cold Crushe23
rolling 2 - .
Steel flow o ¢ ¢ ] E
Air flow % © a
SP — Separation Cold rolling 2 Mol Crusher 4
akbad

Figure 3.19: Schematic diagram of the steel making process in Aspen Plus.
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Table 3.14: Chemical compositions of the metallic charges.

Chemical composition, %

Input material

Fe C Si S P Mn
Steel scrap [224] 97.69 0.66 0.95 0.014 0.055 0.633
Pig iron 94.52 3.99 0.65 0.13 0.1 0.61

The steel finishing process varies with different specifications of products. It is worth noting that
hot rolling presses steel at very high temperature, while cold rolling takes place at room temperature.
Hot rolling heats up steel billets to 926 <C and then the steel is rolled into the aimed shape. Cold
finishing includes turning, grinding, and polishing, which are used to further refine hot rolled steel. To
simplify processes of steel finishing in the simulation, the model that in the right portion of Figure
3.19 consists of heat exchangers to control cooling temperature and crushers to define certain
thickness and width of steel products. Specific properties of steel products refer to the product list

from World Steel Association [225].

3.4 Modelling validation

To validate the present iron and steel production model, data from literatures are set as inlet flow
rates of each model, and results calculated from models are compared with original output from these
publications. The validation results are shown in Table 3.15. The sinter plant and steel making plant
are validated by data sets from McBrien et al [84]. Results show that sinter plant has larger error
because the presented model combines iron ores and coke breeze into agglomerate product, while
coke in the reference is used as fuel to completely provide heat for combustion and ends to exhaust
gas. It is necessary to define the final destination of coke breeze to eliminate the error of sinter plant.
Result of slag from model of steel making plant shows the largest error, because computer modelling
can utilise specific percentage to calculate outputs, which is more accurate than data from pilot plant.
Coking plant is validated by real information published by Qin et al [94], which shows a good
agreement between the reference and present work. Iron making process is validated with information
published by Suzuki et al [226]. Errors of all the outputs are smaller than 3%, resulting from
difference between defined yields and practical operation. It is worth noting that the model of iron and
steel production in the present study is reliable to be used in further calculations and it reproduces the

behaviour of the iron and steel production system.
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Table 3.15: Comparison of model with present work and references

Outputs (Kg tgi) Error
-1
Process nputs (kg i) Comparison Psrti Sg;t McBrienetal [84] (%)
Sinter g)rlfe 71396?5 Sinter 1672.99 1593 5.02
plant o mbustionair  955.8 Exhaust 955.33 1035.45 7.74
1 . Present . Error
Inputs (kg tom Comparison study Qin et al [94] %)
Coke 417.417 417.720 0.07
Coke Coal 543.04 COG 61.41 61.43 0.03
oven Crude benzenes 7.56 7.51 0.67
COG 41.77 Tar 2.9 2.88 0.69
Ammonia 1.15 1.17 1.71
. Sulphur 1.15 1.14 0.88
Alr 459.49 Water 8.91 8.93 0.22
-1 . Present . Error
Inputs (Kg tgwm) Comparison study Suzuki et al [226] (%)
Iron Coke 410.87 Hot metal 972.77 1002.13 2.93
makin Coal 102.22
9 Sinter 1396.97 Slag 273.39 277.99 1.65
Air 1222.60
Natural gas 58.12 BFG 2248.11 2215.14 1.49
Inputs (Kg ti Comparison Psrti ss;t McBrien et al [84] E(%r
mifﬁ: Pig iron 974.04 Steel 1008.04 993.92 1.42
g Scrap 89.45 Slag 27.75 29.82 6.94
Oxygen 69.57 BOF exhaust 100.29 99.39 0.9

3.5 Performance of system

3.5.1 Evaluation method

The performance evaluation of the system focuses on the energy consumption and CO;
emissions. Considering the whole iron and steel production chain, specific energy consumption (SEC)
is often used to define the ratio between the energy input and the useful output in a component [227].
In order to reflect a compatible indicator for all processes, the crude steel production is used as the
useful products. The SEC in per ton of crude steel for each process is described as equation 3.10:

YEjim XM D

Mcrude,out Mcrude,out

(3.10)

where E;j ;, is the jth energy input in the process, M; ;, is mass of the jth inlet energy, p; ;,, is energy
calorific value of the jth energy, M ,y,qe oue 1S Produced amounts of crude steel.

Large amount of CO, would exist in the by-product gases of each component. The on-site direct
CO, emissions in per ton of crude steel product is defined as equation 3.11:

Mtot,COZ

DE, co, = (3.11)

Mcrude,out
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where M. co, is total CO2 emissions of specific process.

Generally, the process efficiency of the BF is represented as the percentage of reductant utilised
for reduction of the ferrous content. When the efficiency equals to one, the reducing agent is
completely consumed in the whole chemical reactions. As CO is the only reducing agent in the base
case, the process efficiency can be calculated by measuring the change of CO and CO, composition of
top gas exiting the furnace, which could be expressed as equation 3.12 [223]:

Pco,
ner = —2%% % 100% 3.12
BE T o + Pco, (3.12)

where ng is the process efficiency of the BF and is also called as the utilisation rate of CO gas, ¢¢o

and ¢, denote the mole fraction of CO and CO: in the top gas, respectively.

The mass end energy balances of each process are described as equation 3.13 and 3.14:

> g = ) g = 0 (3.13)
1 1
Z Q - Z W = Zlmin hin - Zlmouthout (3-14)

where Q and W are heat transfer rate and work inputs, h;,, and h,,,, are specific enthalpies of inlet and
outlet stream, respectively.
Energy efficiency is defined as the ratio of outlet enthalpy to inlet enthalpy, which could be

calculated as equation 3.15:

n=—t=——= (3.15)

3.5.2 Results and discussions
a) SEC and direct CO2 emissions

Figure 3.20 shows the base case results of SEC and direct CO; emissions of each process. Total
energy consumption and CO; emissions of whole iron and steel production chain are 17.5
GJ 451 de steer ANd 1.06 t 451 4o steer» FESPECtively. The largest energy consumption occurs in iron
making process, which could achieve 13.04 GJ ¢ e steel- That is because the major energy sources
are coke and PC and lots of sensible heat is needed for hot blast. Energy consumed in ironmaking is
used to drive the chemical reactions of iron oxides to iron. To produce one ton of crude steel, energy
of 1.98 GJ, 1.46 GJ, and 1.02 GJ are required in sintering, coking, and steel making processes,

respectively. Steel making process consumes the most electricity since the CC and rolling processes
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are power driven devices. The results show that total direct CO, emissions in the base case are 1.06

t4;} BF iron making process accounts for the largest CO, emissions which is up to 0.5

crude steel *

t 41 de steer dUE t0 the injection of carbon-based reducing agents. The minimum CO, emissions are

estimated to be 0.17 t-t i 4esteer fOr Steel making process because of the lowest fossil fuel

consumption. Sintering and coking sections have specific CO, emissions level of 0.21 t 2} e steel

and 0.19 t €2 ge steel» reSpectively.
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Energy consumption
CO, emissions
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W 40.2
4+

0L—-— - 0.0
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making making

SEC (GJ-tehude steel)
[o0)
Direct CO, emission (t'tf:%ude steel)

Figure 3.20: Energy consumption and direct CO2 emissions of each process.

b) Effect of PC/coke ratio in iron and steel production

In our system, PC is the auxiliary reducing agent to replace a certain amount of coke, which is
injected at the lower part of furnace through tuyere and gasified in the raceway. It is important to
control the injection rate of PC, since the maximum amount of injected PC is reported about 250
kg i3, While coke has similar amount [61]. Higher injection rate of PC would result in limitations of
BF operation such as more demand of oxygen, irregular flame temperature, and lower top gas
temperature, etc. Thus in this section, PC/coke ratio in the BF is set as variable to investigate its effect
in SEC and CO; emissions, as well as performance of total production chain. Injection rates of PC and
coke are with the range of 0-256 kg tj;3;, and 256-512 kg ¢, respectively.

Figure 3.21 shows the results of SEC and direct CO, emissions when PC/coke ratio varies from 0
to 1. It is indicated that both energy consumption and CO, emissions decrease with the increase of
PC/coke ratio. When PC/coke ratio is 0.25, i.e., the value of base case, the SEC and CO, emissions
could reach to 17.5 GJ 1 yand 1.063 t < 1- When PC/coke ratio is 0, it means zero PC

crude stee crude stee
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is used as reducing agent and all the reductants are from coke. This situation causes the whole
production system with the largest SEC and CO, emissions, which are 18.3 GJ 1.} 4e steel and 1.071
t 4 1 de steel, ESPECtively. The main reason is that higher carbon content in coke than that in coal
generates more heat and CO; emissions when using coke. Meanwhile the higher consumption of coke
affects upstream coking production that utilises more energy and emits larger CO2. When ratio is 1, it
represents that PC has the same mass flow rate as the coke, i.e., 256 kg t53;. Then the SEC and CO;
emissions decrease by 10.3% and 2% to 16.4 GJ €2 e stee1 aNd 1.05 t 51 4 steels FESPECtively. It is
worth nothing that direct CO, emissions doesn’t drop greatly with the increase of the PC/coke ratio,

which demonstrates that PC has less effect on reducing CO, emissions.
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Figure 3.21: SEC and direct CO, emissions of whole site vs. various PC/Coke ratio in ironmaking.

Figure 3.22 indicates process and energy efficiencies of BF iron making with various PC/coke
ratios. Both process and energy efficiencies increase with the higher input of PC, which are in the
range from 0.33 to 0.42, and 0.31 to 0.48, respectively. In the base case, the process efficiency is 0.37.
When the highest PC is input, the largest increment of process efficiency could reach 13.5%. It is
demonstrated that the injectants PC are all converted to CO which is completely reacted with iron
oxides. The higher process efficiency reflects the less percentage of CO in the top gas. With the same
amount of PC and coke, PC could reduce more iron oxides into iron, achieving the goal to decrease
the coke consumption. Similarly, energy efficiency of base case is 0.36 and is improved by up to 32.9%

when PC/coke ratio rises from 0.25 to 1. Burning coal with pure oxygen generates a flame
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temperature around 2000 °C due to increased heat input by PC injection, resulting in higher energy
efficiency. It is indicated that PC with coke as reducing agents is beneficial to improve process and

energy efficiency of BF system.
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Figure 3.22: BF process efficiency and energy efficiency vs. various PC/Coke ratio in ironmaking.

¢) Effect of CDQ and COG cooling on CO: reduction

1063 GWh electricity is totally consumed in the basic iron and steel plant, which is entirely
contributed by fossil-based power plant. Table 3.16 lists electricity consumption allocation of five
units in iron and steel plant. Note that CC and rolling process has the largest utilisation of power,

since the steel rolling machines are driven by electricity.

Table 3.16: Electricity consumption of each production process in iron and steel plant.

Process Sintering Coking Iron Steel CC and
making making rolling
Electricity consumption »78 o5 6 g _ 11

(KWh 54

In the coking plant, waste heat from hot red coke and COG cooling are recovered to generate
electricity by steam turbine. The power outputs are related to the coal consumed in the coking process.
According to the PC/coke ratios discussed above, corresponding quantity of coal feedstock ranges
from 332.8 kg 53 to 665.6 kg -tgi . Figure 3.23 reveals power generation and heat input by

recovering waste heat from CDQ and COG cooling. The horizontal axis shows the change of coal
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injection. Black and red lines show the trends of power output with the increase of coal, while blue
and green lines depict effects of increased coal on heat input. It is indicated that power output and
heat input of both CDQ and COG cooling electricity generation increase when more coal is used.
Heat provided by hot coke and COG range from 55.8 MW to 111.6 MW and 37.1 MW to 74.1 MW,
respectively. The power output by CDQ and COG power generation increase from 14.9 MW to 29.8
MW and 12.2 MW to 24.3 MW, respectively. Both power output and heat input of CDQ technology
are higher than that of COG cooling. The main reason is that temperature and mass flow rate of coke
is much higher than that of COG. Their energy efficiencies are calculated through power output
divided by thermal energy input, which are 26.7% and 32.8% for CDQ and COG cooling, respectively.
Under the basic scenario that coal injection rate is 533 kg tj;3, electricity of 23.9 MW and 19.5 MW

are severally generated from CDQ and COG cooling.
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Figure 3.23: Power outputs and heat input when recovering waste heat from CDQ and COG vs.

various injection rate of coal in coking plant.

The generated electricity from CDQ and COG cooling could be transported to the on-site plant,
which means it will cover a proportion of electricity purchased from fossil-based power plant. Based
on actual electricity consumption in iron and steel plant, the percentage of regenerative power
accounted for total electricity consumed is shown in Figure 3.24. The results are also investigated
with the change of coal injection. When consumed coal ranges from 332.8 kg t53; to 665.6 kg t53,

electricity generation varies from 130.6 GWh to 261.2 GWh (CDQ) and 106.5 GWh to 212.9 GWh
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(COG cooling). Thus CDQ and COG cooling could provide 11% to 22% and 9% to 18% percentages
of total electricity. The waste heat utilisation by CDQ replaces higher electricity. It is worth noting
that 40% of electricity could be substituted if coking process has the maximum coke capacity. The
base case scenario could achieve 29% reduction of electricity consumption. Under this scenario,

waste heat technologies are beneficial to energy saving in the iron and steel plant.
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Figure 3.24: Share of different electricity sources in the iron and steel plant vs. various injection rate

of coal in coking plant.

To calculate the amount of CO, emissions reduction due to a certain quantity of fossil-based
electricity be replaced by electricity generated from waste heat recoveries, CO, emissions factors of
different power sources are used. Table 3.17 shows the summary of CO, emissions factors from
natural gas, coal, oil based power generation sectors, which are taken from reference [228]. All the oil
and coal power plants have gradually shut down in the country and natural gas power plant plans to
reduce its capacity. CO, emissions factors of three fossil-based plants are chosen to evaluate

mitigation of CO..

Table 3.17: CO, emissions factors from different power generation sectors [228].

Sector Natural gas Coal Qil
Emission factor (Mt CO, eq TWh?) 0.4116 1.1172 1.3409

The results are shown in Figure 3.25, of which Figure 3.25(a) indicates CO- reduction due to

CDQ. Comparably, Figure 3.25(b) shows the effects on CO, emissions by COG cooling. Since
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electricity capacity is the dominant parameter for CO, emissions, the specific electricity generation
from CDQ and COG cooling are set as variable which are reflected at the x-axis. Blue, black, and red
lines represent CO, emissions from natural gas, coal, and oil under the condition of same amounts of
renewable electricity, respectively. If electricity from oil, coal, and natural gas power plants is covered
by electricity from CDQ, CO; emissions of oil, coal, natural gas power plants can be reduced up to
350 kt, 291.9 kt, 107.5kt, respectively. For electricity generated from COG cooling, the technology
can reduce CO; emissions of oil, coal, and natural gas plants up to 285.5kt, 237.9 kt, 87.6 kt,
respectively. Although the largest electricity capacity could achieve the maximum CO, emissions
reduction, it also causes higher CO; emissions from coking process due to increased coal injection.
Under current condition of coking, electricity from CDQ could only reduce CO; emissions to 280.5 kt,
233.7 kt, 86.1 kt for oil, coal, natural gas power plant, respectively. Similarly, electricity from COG
cooling in the base case reduces CO, emissions to 228.6 kt for oil plant, 190.5 kt for coal plant, 70.2
kt for natural gas plant. To avoid increment of on-site CO, emissions, further reduction is achieved by
implementing advanced energy saving and CO- reduction technologies, such as fuel substitution, and

COq, capture.
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Figure 3.25: CO; emissions vs. electricity generated from (a) COG cooling; (b) CDQ [228].

3.6 Summary

A 4.7 Mt steel capacity iron and steel plant in UK is presented in this chapter. Current iron and
steel industry in UK mainly faces two challenges which are decarbonation and energy reconstruction.

The iron and steel plant is used to carry out energy saving and decarbonation technologies based on
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its fundamental conditions. Information given by the plant includes production streams and capacity.
In order to supplement mass and energy flows that are not included in the information, mass flow
factors from reference are used. Available sources for waste heat recovery of the plant include energy
from products and exhaust gases. These waste streams can be further recycled on-site and reduce
energy consumption.

A comprehensive model of iron and steel production flows is built through Aspen Plus. Sinter and
coking process are used to prepare raw materials for ironmaking. Ironmaking BF process is the
dominated unit in the whole production chain. Crude steel is formed in the steelmaking BOF and the
final steel products export from CC and rolling.

Energy consumption and CO; emissions are evaluated for basic iron and steel plant. Total energy

consumption and CO, emissions of whole production chain are 17.5 GJ and 1.06 t <.} 4e steel »

respectively. The largest energy consumption is 13.04 GJ -tg}4esteer at iron making process,
meanwhile BF process emits the largest quantity of CO of 0.5 t €.} e steel- PC/COKe ratio in the BF

has vital influence on energy saving but less effect on reducing CO, emissions. Both process and
energy efficiencies increase with the higher input of PC. When the highest PC is input, the largest
increment of BF process efficiency and energy efficiency could reach 15% and 32.9%, respectively.
Heat provided by hot coke and COG is transferred to form electricity. The power output has
maximumly achieved to 29.8 MW and 24.3 MW for CDQ and COG power generation. The renewable
electricity could cover 40% of electricity consumed in the plant if coking process has the maximum
coke capacity, and it also can reduce CO2 emissions from oil, coal, natural gas power plants. However,
direct CO; emissions still need to be reduced by introducing highly efficient energy saving and CO;

reduction technologies.
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Chapter 4
Blast furnace with biomass injection for

cleaner production

As one of the most energy-intensive industries, iron and steel plants account for the highest share
of CO; emissions from the manufacturing sector, at about 27% [229]. Currently BF facility is still the
most important unit for pig iron production. The BF-BOF route accounts for almost 70% CO;
emissions of iron and steel industry [230]. This is due to the use of carbon related fuels that dominate
the main heat source and reducing agents in the iron making processes. The carbon in these fossil-
based energies is finally released in form of CO; to the environment. Lots of process modifications
have been developed to improve BF efficiency and reduce CO; emissions. Among all of these choices,
renewable reducing agents are gathering the momentum to reduce the use of fossil-dominated energy
and COzemissions for BF. In this chapter, a simulation of introducing three kinds of biomass namely
charcoal, bio-oil, and bio-syngas as reductants into BF process was developed to investigate coke
replacement potential and CO; reduction potentials. The analyses explicitly studied and compared

reduction efficiency and CO- profiles of base case after adding bio-reducers into BF process.

4.1 Biomass-based reducing agents in BF iron making

Numerous types of biomass have been investigated as possible substitutes for fossil-based
reducing agents in the ironmaking process. Since the carbon content of biomass feedstock is lower
compared to usual reducing agents in iron and steel making, biomass raw material needs to be
converted into bio-reducers through various technologies [231]. Thermochemical conversion
technologies make it possible to produce solid, liquid and gaseous bio-reducers. Figure 4.1 presents
the main thermochemical conversion pathways of biomass. After the step of pre-treatment, raw
materials are pyrolysed or gasifised with the high temperature to form valuable products. The most
typical products from biomass feedstock are charcoal, bio-oil, and syngas. Generally, these products

need a further conversion in order to upgrade their properties, which could be better utilised in
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different applications such as metallurgical and chemical industries. For BF iron making, the main
factors for biomass being the reducing agents are sufficient reducing ability and heat value. All of
these biomass-based reducing agents used for pig iron production cannot fully replace top charged
coke due to their low crushing strength when compared with that of coke. Thus for most of cases,

biomass is used as an auxiliary reducing agent during the ironmaking process.

Pre-treatment ~ Conversion Products Conversion Use
Charcoal 3 Mgtallurglcal
Slow ‘ industry
pyrolysis Gas, liquid " Upgrading -
: - Chemical,
Grinding = Biooil [ Boiler, 'I_'urbme Biofuels
. pyrolysis -
Washing r Upgrading -
i Electricity, CHP
. Methanation —
Gasification —
L Fischer-Tropsch Transport fuel

Figure 4.1: Pathways to producing biomass-based reducing agents [231].

4.1.1 Charcoal

The major solid bio-reducer i.e., charcoal is derived from wood-based feedstock through slow
pyrolysis which heats the biomass to 300-600 °C for half an hour to several hours in the absence of air.
The charcoal is highly carbonised and its properties are well comparable to coke injectant in BF.
Table 4.1 lists four types of charcoal samples produced from different raw materials. It can be found
that the composition of charcoal is similar to that of coke and PC. Compared to chemical properties of
coke and PC shown in Table 3.12, the carbon content of the charcoal can be generally higher than that
of PC. The sulphur content of the charcoal is low around 0.01-0.03% compared to fossil-based
reducing agents (PC: 1.14%; coke: 0.31%). Low sulphur content of charcoal is advantageous for BF
operation. The share of ash in the charcoal differs among different wood types. The maximum ash
content is up to 7.76%, whereas the lowest percentage is only 0.6%. The oxygen and volatile matter
content in the charcoal are high compared to coke and PC. The high existence of two compositions

would decrease energy content of charcoal.
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Table 4.1: Chemical composition of charcoal.

Charcoal 1 [67]

Charcoal 2 [67]  Charcoal 3 [67]

Charcoal 4 [232]

Wood species Eucalyptus Oak Olive Red gum
Proximate analysis, wt%

Ash 0.6 7.76 3.28 2.7
\olatile matter 18.82 20.7 22.63 18.8
Fixed carbon 80.69 70.85 74.06 78.5
Ultimate analysis, wt%

Carbon 88.26 87.86 88.48 84.84
Oxygen 8.42 9.03 7.78 12.3
Hydrogen 2.71 251 3.37 2.53
Nitrogen 0.21 0.58 0.37 0.3
Sulphur 0.03 0.03 0 0.01
4.1.2 Bio-oil

Contrary to slow pyrolysis, fast pyrolysis heats the biomass to 400-600 °C for a few seconds in
the absence of air [233]. Bio-oil as one of the major products from fast pyrolysis of biomass is a
complex mixture of oxygenated and phenolic compounds. The properties of bio-oil depend greatly on
the biomass feedstock and pyrolysis technologies. Table 4.2 compares properties of bio-oil with fossil
oil. It is worth noting that bio-oil produced from wood-based feedstock has a few disadvantages that
are actually not ideal conditions of being the reducing agent for BF. These undesired properties are
reflected in high moisture, high ash content, and high oxygen. Compared with bio-oil from wood, bio-
oil from microalgae has similar elemental composition and nearly comparable heating value to those
of fossil-based oil. It seems that bio-oil from microalgae has higher quality for use in metallurgical

processes than that from wood-based materials. Bio-oil injection rate of 140 kg <51, has been reported

using mathematical modeling, which results in coke consumption of 455 kg <53 [234].

Table 4.2: Comparison of bio-oil derived from wood and heavy oil [235].

Product (wt%) Bio-oil from wood Bio-oil from microalgae Fuel oil
Moisture 15-30 \ 0.1
Ash 0-0.2 \ 0.1
Carbon 54-58 76.22 85
Hydrogen 5.5-7 11.61 11
Oxygen 35-40 11.24 1
Nitrogen 0-0.2 0.93 0.3

4.1.3 Biomass-based syngas

The bio-syngas through biomass gasification has been one of the most widespread and attractive
auxiliary reducing agents, which has the advantage of rich H, and CO [236]. Gasification

technologies operate at temperature around 600-1400 °C with the presence of 30-50% of oxygen or
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air atmosphere. The bio-syngas used for reducing agent purposes has low heating value (LHV) and
the properties resemble hot reducing gas. The key factor to the syngas as a reducer for ironmaking is
sufficient reducibility, which requires proportion of CO and H in the mixture of CO, CO,, H; and
H,0 above 90% of total volume [237]. To increase the content of Hz and CO, the decrease of biomass
particle size and drying of biomass feedstock will be required prior to biomass gasification [238, 239].
The purification of bio-syngas is inevitable after biomass gasification. Then the decrement of CO;
content in the bio-syngas is necessary before it can be used as a reducing agent.

The composition of syngas also highly depends on the applied gasification technologies and
processing conditions [240]. A number of gasifiers has been developed to produce a syngas suitable
for different applications, e.g. allo-thermal, auto-thermal and entrained flow gasifiers. Table 4.3 lists
properties of syngas from different gasifiers in comparison to syngas from coal gasification. Allo-
thermal gasification uses separated FBs to gasify biomass and produce heat, while auto-thermal
gasification normally employed a single FB. Entrained flow gasification operates at very high
temperature and convert the mixture of powered biomass and oxygen to a dust flame. Syngas from
allo-thermal technology has the highest proportion of H, and the largest LHV, which is more suitable

to utilise in ironmaking applications.

Table 4.3: Properties of biomass-based syngas from different gasification technologies [16].

Properties

Allo-thermal Auto-thermal Entrained flow Coal-based
(vol%, dry)

H> 40 26 39 32

CO 25 20 38 55

CO, 21 35 20 8

CH4 10 13 0.1 0
CoH4 2.5 3 0 0

N2 15 3 3 3
H,/CO 1.6 1.3 1.0 0.6
LHV (MJ m*?) 14 12 10 11

4.2 Reaction of biomass-based reducing agents in iron making

Three basic reaction systems are involved when using biomass-based reducing agents in the
ironmaking process. Their reaction equations are applied in Aspen Plus simulation. The following
subsections will separately describe three systems. These reactions are: Iron oxide reduction,

boudouard equilibrium, homogeneous water gas shift reaction.
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4.2.1 Iron oxide reduction

The iron ore reduction reactions by charcoal, bio-oil, and bio-syngas have different behaviours.
The high content of fixed carbon in the charcoal and bio-oil makes whole reactions occurring between
C and Fe;O3 or CO and Fe;Os. For iron oxides reduction by biomass-based syngas, reactions of
hematite occur in H, and CO atmospheres. The sequential reactions of iron oxides take place as

following equations 4.1 to 4.8:

CO + 3Fe,05 — 2Fe;0, + CO, (4.1)
H, + 3Fe,0; — 2Fe;0, + H,0 (4.2)
4CO + Fe;0, — 3Fe + 4C0, (4.3)
4H, + Fe;0, — 3Fe + 4H,0 (4.9)
CO + Fe;0, = 3Fe0 + CO, (4.5)
H, + Fe;0, = 3Fe0 + H,0 (4.6)
CO + FeO = Fe + CO, 4.7)

H, + FeO = Fe + H,0 (4.8)

To identify iron oxides reduction degree under given temperature and composition of reducing
gases, the Baur-Glaessner diagram is used here to illustrate reaction equilibrium. Figure 4.2 shows the
diagram where the dotted line presents gas equilibrium with Hz, and the solid lines are reaction with
CO. The x-axis reflects volume fraction of CO or H; in the reduction gas, while the y-axis gives the
reaction temperature. Both iron oxide reactions with CO or H; could distributed into three zones in
the diagram, i.e., the FesQO4, the FeO, and the Fe zone. Fe,Os is stable only when the CO or H; gas
composition is zero. Thus the region of Fe,O3 is presented at the rightmost side.

It can be seen from the figure, at the temperature of 570 <C, the transformations of Fe;O4 to FeO
and Fe304 to Fe begin. When temperature is below 570 <C, Fe,Oj3 rapidly transit into FezO4 at the
atmosphere that has high concentration of reducing gases. Additionally, FesO is reduced to metallic
iron when H, percentage is higher than 80%, and share of CO is higher than 50%. The rest two stages
of indirect reduction of Fe,Os will start when temperature is higher than 570 <C. With the temperature
increases, more pig iron is produced. FesOs is firstly reacted with reducing gases at the second stage,
meanwhile the produced FeO is further reduced to iron. The third stage, i.e., FeO to Fe always

requires the most reductant.
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Figure 4.2: The Baur-Glaessner equilibrium diagram for H, and CO reduction of iron oxides [241].

4.2.2 Boudouard equilibrium
For the iron oxides reduction by charcoal and bio-oil, the Boudouard equilibrium exists between
solid carbon, CO; and CO. The equilibrium is described by the equations 4.9 and 4.10. The reactions

start with carbon gasification with oxygen below 700 °C to form CO,. Then the considerable amount

of CO gas is generated from reaction of CO, and carbon, meanwhile CO gas gradually diffuses and
rises through pores of ore particles, resulting in the indirect reduction of Fe,O3 [242].
C+ 0, - CO, (4.9)

€O, + C - 2C0 (4.10)
Temperature and pressure are two main factors of Boudouard reaction. Figure 4.3 shows gas
composition under 3 different pressures and temperature in the range of 100-1300 °C. Ratio of CO to
the mixture of CO and CO: is used to reflect the change of gas composition. It is indicated that gas
ratios at three different pressures have same trends with the increase of temperature. When
temperature is in the range of 200 °C to 400 °C, ratio is around zero, thus the reaction barely occurs
and no CO is generated. A significant increase of ratio appears when temperature is over 400 °C, as a
result, CO is rapidly formed from carbon. The Boudouard reaction continues to carry out until the
temperature is higher than 1200 °C, meanwhile gas ratio reaches 100% and carbon is completely

transformed into CO. There are slight differences among gas composition as a function of temperature

at three pressures. Gaseous mixture at higher pressure needs higher temperature to achieve complete
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oxidisation of carbon. The terminal temperatures are 1000 °C, 1100 °C, and 1200 °C when reactions

happen at pressures of 1 atm, 5 atm, and 10 atm, respectively.
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Figure 4.3: CO/(CO+COy) ratio under defined pressure vs. various reaction temperatures [241].

4.2.3 Water gas shift equilibrium

When iron oxides are reduced by the mixture of H, and CO, CO can react with water vapour to
form CO; and H.. The reaction is called water gas shift conversion which is necessary since a large
amount of CO and H- contained in the furnace. The reaction equilibrium is expressed as equation 4.11:

CO, + H, & CO + H,0 (4.11)

Figure 4.4 shows variation of gaseous volume fraction with the increase of temperature. Despite
the reaction equilibrium shows sensitivity to temperature variation, the water gas shift equilibrium is
reversible at any temperature. H, decreases firstly for the indirect reduction in the lower zone of BF
where temperature is over 1400 °C and CO concentration is rich. The reaction of CO; and H, is
mildly endothermic from forward direction of equilibrium. It could be found that CO fraction and
H.O fraction increase gradually, and CO, and H, are consumed with the increase of temperature
ranging from 400 °C-1500 °C. During the upward process, content of H, starts to increase by re-
producing from water gas shift reaction. In the upper zone of BF, CO is the dominate reducing agent,
therefore, CO has lower concentration in this area. At the beginning of reaction, CO and H,O have
fraction of 42% and 1%, respectively they are increased by 29% and 114% to 54% and 14%.

Comparably, fractions of CO, and H, decrease from 33% and 24% to 21 % and 11 %, which are
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reduced by 36% and 54%, respectively.
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Figure 4.4: Volume fraction of gases in the water gas shift reaction vs. various temperature [241].

4.3 System description of BF operation with biomass

4.3.1 Basic structure

A schematic diagram of conventional BF with auxiliary reducers is shown in Figure 4.5. The
dotted boxes represent each block boundary. The whole scheme links five blocks together, i.e., BF
unit, the fossil-based reducers unit, the burden unit, biomass-generated reducers unit and the
atmosphere. CO; releases from top gas of BF and is absorbed by the natural biomass, which results in
a circle among the BF, atmosphere and biomass. BF with auxiliary reducing agents generally
consumes mean coke rate of 334 kg t5y, and a theoretical minimum coke rate of 200 kg <z is
necessary to enable stable furnace operation [50, 250]. In this case, auxiliary biomass-based reducing
agents are used to decrease the coke consumption. Fossil-based coke and raw materials are fed into
the BF from top. In contrast with that, powered charcoal, bio-oil, and bio-syngas are injected into BF
via tuyeres which require less mechanical strength than that of top charging.

Modelling of three substitution scenarios is similar to the BF operation with coke and PC.
Tuyeres injections also use decomposition model, i.e., RYield reactor. The processes of biomass
pyrolysis and biomass gasification are not included in the modelling since they are not the main
targets for this study. Amounts of charcoal and bio-oil use in the BF are estimated in the range of 0-

200 kg ty because of the theoretical minimum coke rate. According to the calculated amounts of CO
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and Hy needed for reducing all Fe;Os, the injection rate of biomass-based syngas is estimated from O-
3000 kg 51, based on different gas composition. By changing the biomass injection rate through BF
tuyere, the maximum coke replacement ratio could be calculated. CO, emissions profile of selected
biomass-based scenarios is estimated and compared to check their CO, reduction potentials. To
investigate impact of biomass injection on the performance of the whole production chain, SCE and
direct CO, emissions are calculated from total sites. The operating parameters of each unit used in
Aspen Plus simulation are taken from Chapter 3. The scenario which only uses coke as reducing agent
in the BF is considered as the reference model and compared with cases that input auxiliary reducers,

of which the coke rate is set as 500 kg ¢ Input mass flows of the cases are listed in Table 4.4.
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Figure 4.5: Schematic diagram of BF operation with injection of biomass-based reducing agents.

Table 4.4: Input mass flows in the BF processes

Mass flow (kg t51,)  Omwcoke  PC Charcoal  Bio-oil  Bio-syngas
injection injection injection injection injection
Coke 500 410 Calculated  Calculated  Calculated
PC \ 102 \ \ \
Charcoal \ \ 0-200 \ \
Bio-oil \ \ \ 0-200 \
Bio-syngas \ \ \ \ 0-3000
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Iron burden 1593 1593 1593 1593 1593

Auxiliary material 15 15 15 15 15
Hot blast 1532.44 1532.44 1532.44 1532.44 1532.44
Oxygen 4735 4735 4735 4735 4735

4.3.2 Biomass feedstock

Since the target of this study is to evaluate the effect of biomass-based reducing agents’ injection
on the overall iron and steel production chain, especially for its energy consumption and CO;
emissions, the preparation and properties of biomass are adopted from existing researches. Chemical
properties of charcoal are chosen from the reference [67]. Charcoal was produced in a vertical tubular
muffle furnace and derived from eucalyptus feedstock with carbonisation temperature of 360 °C. The
bio-oil is produced from microalgae heterotrophic cells that was subjected to have pyrolysis in the FB
reactor at a temperature of 500 °C. The details of chemical properties of the chosen charcoal and bio-

oil are shown in table 4.5.

Table 4.5: Chemical properties of charcoal and bio-oil.

Charcoal [67] Bio-oil [243]
Ultimate analysis (wt%b)
Carbon 88.26 76.22
Hydrogen 2.71 11.61
Oxygen 8.42 11.24
Nitrogen 0.21 0.93
Sulphur 0.03 \
Proximate analysis (wt%bo)
Moisture 0 \
Ash 0.6 \
Volatile matter 18.82
Fixed carbon 80.69
LHV (MJ kg?) 32.4 [244] 41

Considering the availability of biomass in European regions, the biomass from wood and
agricultural residues are the best candidates for syngas production and utilisation in iron and steel
industry. According to the gasification technologies of biomass mentioned in Section 4.1.3, it is
assumed that the biomass-based syngas used in our system is produced from listed gasification
technologies. To evaluate the effects of H,/CO ratio on coke rate and CO; emissions, H2/CO volume
ratios range from 0.6-1.6 are considered, which corresponds to four compositions of syngas and four
gasification technologies as shown in Table 4.3. Table 4.6 shows amounts of Hz and CO in the syngas

under different H,/CO ratios.
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Table 4.6: H, and CO composition of biomass-based syngas.

H,/CO ratio
'ﬁ(g”{f_{g;) 16 13 1.0 0.6
H, _CO Ho O Hy O Hy o
100 103 897 85 915 6.8 932 4.0 96.0
200 205 1795 170 1830 137 1863 80 1920
300 308 2692 255 2745 205 2795 120 2880
400 410 3590 340 3660  27.3 3727 160 3840
500 513 4487 425 4575 342 4658 200 4800
600 615 5385 510 5490 410 5500 239 5761
700 718 6282 595 6405 478 6522 279 6721

4.4 Evaluation method

4.4.1 Evaluation of biomass effects on energy consumption and CO2 emissions

The reduction in energy consumption and CO, emissions of iron and steel plant by injecting
biomass-based reducing agents are evaluated by indexes i.e., SEC and direct on-site CO, emissions
which are calculated by equations 3.10 and 3.11. The coke replacement rate is used to define the
amount of coke replaced by the injected reducing agent during BF process. Typically each reducing
agent has different coke replacement ratios. With the increase of injected auxiliary reducing agents,
the replacement ratio will tend to a constant value. To elaborate the biomass injection impacts on the
coke consumption, coke replacement ratio x is used to describe the change of the coke, which can be
expressed as equation 4.11:

AM, M — My;
K = coke — ref,coke bio,coke (4.11)
Mpio Mpio

where AM . is the difference between coke rate in reference case M, .qfcoke and coke rate resulting
from using a certain number of bio-reducers My, coke; Mpio is the injection rate of biomass in BF.

To estimate the mitigation of CO, emissions when injecting biomass-based reducing agents, CO-
reduction rate r is defined. The reduction rate means mitigated CO, emissions in per ton of specific
biomass demand, which can be evaluated as equation 4.12:

AM, M — My,
= 2o, _ Mrefico, bio,C0, (4.12)
Mbio Mbio

where AMc,, is the difference between CO: emissions in reference case Myefco, and emissions in the
case which injects a certain number of biomass My, co, -
As shown in Figure 4.5, carbon and CO; in the biomass enters BF and are released in the form of

COs. Further, biomass absorbs gaseous CO, from the atmosphere by photosynthesis during its growth.

From a full system perspective that combines biomass, BF process, and atmosphere together, there is
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zero CO; emission from biomass, which means the biomass is carbon neutral. The evaluation of net
CO, emissions is necessary to clarify the emissions that cannot be avoided. The net CO, emissions
from the BF process operation with charcoal and bio-oil can be expressed as equation 4.13:

Myet,co, = Mpio,co, — Mpioc X f (4.13)
where My co, is net COz emissions resulting from BF process with injection of biomass-based

reducing agent; My;, ¢ is carbon content in the biomass, for bio-syngas, My;, . means CO content in
the syngas; f is conversion factor for carbon or CO to CO,, which are % and % respectively.
4.4.2 Performance analysis of system

Performance analysis of injecting biomass-based reducing agents to iron and steel system is
based on the first and second thermodynamic laws. It is assumed that the kinetic energy of heat
transfer and working fluid in the cycles are negligible. Also heat losses and pressure drop of
components in the system are negligible. The reference environmental temperature and pressure are
25 °C and 101.3kPa. The energy analysis is formulated in a similar way as energy balances in section
3.6.1 (equations 3.13-3.15). The second thermodynamic analysis will be elaborated in Chapter 6
through exergy analysis.

The process efficiency is also used here to identify the utilisation rate of biomass-based reducing
agents in the BF. As the CO is the primary reducer when injecting charcoal and bio-oil, the process
efficiency is expressed as same as equation 3.12. For the Fe,O3 simultaneously reduced by H, and CO,
the process efficiency of BF is defined as the equation 4.13:

Pco, T Phyo
—_ x 100% 413
BT 9o + Pco, T Pu,tPu,0 (413)

where ¢, and ¢y, represent the mole fraction of H, and H2O in the top gas, respectively.
Pure H, situation can be regarded as the theoretical maximum percentage of H, in syngas. The
utilisation rate of Hz in BF could also be assessed based on the mole fraction of H, and H»O in the top

gas, which can be calculated as equation 4.14:

PH,0
=—"9 < 100% 4.14
Nar Pu, TPu,0 (4.14)

It is assumed that H, produced from water electrolysis, and the power to produce 1mol H, is

285.9kJ. The reduced CO, emissions in per ton of H, demand are evaluated as equation 4.15:
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r= AMCOZ Mref,COz - MHz,COz

= 4.15
M, M, (4.15)

2

where My, is the injection rate of Hz in BF, and My, ¢, is CO emissions in the case which injects H..

4.5 Performance analysis of introducing biomass into BF

4.5.1 Effect of biomass injection on coke consumption and CO2 emissions

In this section, coke consumption and CO, emissions of BF process after injecting three
substituted reductants, namely charcoal, bio-oil, and bio-syngas are observed. According to the
composition of each kind of biomass, the injection rates of charcoal, bio-syngas, and bio-syngas vary
from 0-200 kg 4g1;, 0-200 kg iy, 0-3000 kg iy, respectively. Figure 4.6 indicates effects of
charcoal and bio-oil injections on the coke rate and on-site CO, emissions of BF. Red and black lines
symbolise results of coke rate with the increase of reducing agent, whereas CO, emissions are
reflected on the green and blue lines. With the increase of charcoal and bio-oil injection rate, coke rate
and CO; emissions decrease gradually resulting from biomass injection and reduction of coke
consumption. The descending of coke rate shows more significant trend than that of CO; emissions.
Injection of 500 kg tj33; coke represents that all the reductants consumed in BF is coke, resulting in
the highest CO, emissions of 631 kg ti. When injection of charcoal attains the up-limit, i.e., 200
kg t5u, the amount of coke reduces to 286.2 kg t53 and CO; emissions is equivalent to 602 Kg ¢
Thus coke consumption has reduced by 42.8%, whereas only 5% of preliminary CO, emissions is
reduced and CO; reduction is 29 kg t53;. Coke rate of BF using bio-oil as auxiliary reducing agent
decreases from 500 kg tj;3 to 222.6 kg tj73;, Which causes 55.5% of coke reduced. CO; emissions of
bio-oil case can be reduced by 28.2% to 453 kg tj33; compared to that of operation from the reference
case and the CO; reduction is 178 kg ¢ Clearly, bio-oil as a reducing agent has a better ability to
replace coke and reduce CO, emissions than charcoal. Both charcoal and bio-oil have higher
gasification reactivity than coke, which is the main reason that results in lower coke consumption.
Due to 11.6% content of bio-oil is Hy, partially H, also act as a reducing agent, thus bio-oil can

substitute more coke than charcoal.
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Figure 4.6: Coke rate and CO- emissions of BF when injecting charcoal and bio-oil.

Ratio of Hy/CO is the dominant parameter for biomass-based syngas as a reductant, which is
considered in the range of 0.6 to 1.6 in this study. It is assumed that all the Fe;Os are reduced by CO,
as a result, 674 kg CO is needed for producing one ton of hot metal. The injection rate for H; to
reduce entire Fe,O3 to Fe is 51 kg t5;3;. Thus the scenario maintains the maximum quantity of total H
and CO in the syngas to 700 kg 5. Based on this amount, bio-syngas that needed for BF operation
are 890 Kg t55, 1300 Kg t541, 2892 Kg t551, 1734 Kg t54, respectively for Ho/CO ratios of 0.6, 1.0,
1.3, and 1.6. Figure 4.7 shows coke rate of BF with the change of H; and CO in the syngas. As can be
observed, coke consumption decreases with the increase of H, and CO.. When the H2/CO ratio of bio-
syngas is 1.6, coke rate of BF drops swiftly first and then keeps constant at 224 kg 5 after total H,
and CO reaching 500 kg t53;. A similar trend of decline appears when H,/CO ratio is 1.3, of which
coke rate plummets to 222 kg t53 and then reaches a plateau when 600 kg t53; Hz and CO are input.
Achieving same level of coke rate needs more injection of bio-syngas if H2/CO ratio is 1.0. For the
lowest ratio, i.e., 0.6, coke consumption can only decrease to 277 kg ¢y It could be found that the
increase of H, content in the syngas leads to higher amount of coke being substituted. Moreover, the
descend rate of burden is accelerated in the atmosphere of high H, concentration. Thus the ratio of 1.6
is a superior choice for both saving bio-syngas and reducing coke rate. As coke rate has bottomed out,
the rest of coke burnt in the BF is mainly as a contributor for heat. It also indicates that coke

consumption in the BF cannot be fully substituted.
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Figure 4.7: Coke rate of BF when injecting biomass-based syngas.

CO; emissions when bio-syngas is input to BF are given in Figure 4.8. CO2 emissions with the
increase of bio-syngas appear slightly different trends compared to the change of coke rate. When
H,/CO ratio of syngas is 1.3, CO, emissions of BF increase from 631 kg t;3; to 1299 kg i by
increasing the injection rate of bio-syngas, which are considerably larger than emissions of case that
only utilises coke as reducing agent. The higher CO, emissions is mainly because CO- in the syngas is
simultaneously discharged from BF with top gas. CO, accounts for 35 vol% of bio-syngas with 1.3
H./CO ratio, and CO, contents reach up to 1762 kg <5y When total H, and CO in the syngas are 700
kg ¢y This portion of CO; barely has reaction in BF, resulting in the highest CO, emissions in the
top gas larger than reduction of CO, emissions. Other three kinds of bio-syngas can achieve reducing
CO; emissions of BF. Especially for the syngas that H,/CO ratio is 1.6, CO, emissions plummet to
54.4 kg +j3 and start to be constant when total contents of H, and CO are 600 kg +py. This
demonstrates that contents of H; in the syngas are enough to reduce all Fe;Os to iron, and CO;
contained in the syngas is converted to CO due to Bondouard reaction. The minimum CO, emissions
of injecting bio-syngas with Ho/CO ratios of 1 and 0.6 into BF could be decreased to 154 kg ¢ and
206 kg 151, respectively. Depending on various Hy/CO ratios of bio-syngas, CO contained in the
syngas would have different reactions occurred in BF. High CO, concentration inside furnace causes
fractional CO, directly emitting from top, whereas low CO, concentration environment would

preferentially induce transformation of CO; into CO.
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Figure 4.8: CO2 emissions of BF when injecting biomass-based syngas.

Based on above results of CO. emissions under the conditions of different biomass-based
reducing agents, the reduction of CO, emissions could maximumly reach 29 Kg t53, 178 Kg ¢y, and
576 kg t53; for charcoal, bio-oil, and bio-syngas, respectively. As biomass is a carbon neutral material,
the index of net CO, emissions is calculated to distinguish the quantality of CO, that only derives
from fossil-based reducing agent. Figure 4.9 indicates net CO. emissions of BF process when
injecting biomass as auxiliary reducing agent, in which Figure 4.9(a) shows the results of injecting
charcoal and bio-oil, and Figure 4.9(b) reflects the case of bio-syngas. It is indicated that the net CO,
emissions have significant decrements, which demonstrates that CO, generated from coke can be
effectively mitigated by injecting biomass into BF. As shown in Figure 4.9(a), net CO, emissions
decrease from 631 kg tj;3; to 56.8 kg i3, With the increase of charcoal. Similarly, net CO, emissions
of case that injects bio-oil could reduce to 56.9 kg tj1;. Both final net CO, emissions are much lower
than the emissions taking into account the carbon contents in the biomass. This is mainly because
only a small proportion of coke acts as reducing agent in the BF.

After eliminating a large number of CO; in the bio-syngas with H»/CO ratio of 1.3, net CO;
emissions drop rapidly to 106 kg i3, and turn to be constant when total H, and CO vary from 0 to
300 kg 1, which presents a completely opposite trend to originally CO, emissions. Analogous
results also appear in the situations of H,/CO ratio 1.6 and 1.0, in which the lowest net CO, emissions
are 54 kg t55and 66 kg ¢, and the turning points appear when total H; and CO are 300 kg t53; and

400 kg -tgy, respectively. Unchanged net CO, emissions with further increment of bio-syngas
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indicates coke rate of BF has reached a level of theoretically minimum, thus no more CO; can be
reduced by injecting bio-syngas. Only for H,/CO ratio 0.6 that results in the lowest H, content, net
CO; emissions witness a continuous downward trend to 52 kg t;;3 When total H, and CO in the range
of 0-700 kg 5y It reveals that higher amounts of bio-syngas are needed to substitute coke if the

syngas has lower H,/CO ratio.
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Figure 4.9: Net CO emissions of BF when injecting: (a) charcoal and bio-ail, (b) bio-syngas.

The resulting coke replacement and reduction of CO; emissions generated by injecting charcoal
and bio-oil into BF are shown in Figure 4.10. The up-limit coke replacement ratios are 1.07 and 1.39
for charcoal and bio-oil respectively. It implies that per kilogram coke can replace 1.07 kilograms
coke, compared to 1.39 kilograms coke that can be replaced by per kilogram of bio-oil. The maximum
level of coke replacement ratio corresponds to the theoretically lowest coke rate. Thus injecting 200
kg ¢ charcoal has ability to substitute 43% of coke required by BF process. Likewise, 200 Kg t53
bio-oil can replace 56% of coke consumed by Fe,Os reduction process. Due to the less energy density
of charcoal, charcoal has lower coke replacement rate than bio-oil. More energy originating from coke
is needed for charcoal to satisfy molten temperature in the lower zone of furnace, which principally
results in lower coke replacement rate.

CO: reduction rates are calculated to be 0.14 and 0.89 for charcoal and bio-oil based on on-site
emissions including carbon in the biomass. Purple columns represent the net CO. reduction rates by
injection charcoal and bio-oil, which reach 3.37 and 3.68 and the values are considerably higher than
CO- reduction rates. Accordingly, carbon content in the biomass is an essential factor to estimate CO,

mitigation performance of biomass. It is necessary to clearly define the sink of CO, emissions. If CO;
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gases are eventually released into atmosphere, the CO, reduction ability of biomass is determined by
CO:> reduction rate. Comparably, if CO. gases are further absorbed by plants, the CO, mitigation
factor of associated biomass is equal to the net CO; reduction rate. It can be found that per kilogram
of bio-oil reduces more CO; emissions from BF than charcoal, which is in accordance with the results
of coke replacement ratio. Higher coke replacement ratio gives rise to the less coke consumption,

hence the lower CO, emissions.
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Figure 4.10: Coke replacement ratio and CO- reduction rate of BF when injecting charcoal and bio-oil.

Coke replacement ratios of bio-syngas with the change of injection amounts are shown in Figure
4.11. The variations of ratios are highly sensitive to injection rate and H,/CO ratio of bio-syngas.
H/CO ratio has effect on the injection quantities of syngas, then increasing amounts of syngas cause
decreased substitution ratio of coke. The highest ratio is 1.13 when bio-syngas is injected at 127
kg i34 and the Ho/CO ratio is 0.6, whereas the lowest value is 0.096 when 2892 kg tj;3; Syngas with
H2/CO ratio of 1.3 are input. It can be concluded that the lower injection rates of bio-syngas provide
the desired results to save the amount of coke. Compared with coke replacement ratios of charcoal
and bio-oil, bio-oil has the best performance to reduce coke consumption under the conditions of
same injection rates. Besides the effects of heating value, it is also because higher contents of H; in
the bio-syngas requires additional oxygen and heat to maintain a suitable adiabatic flame temperature.
Excessive H; in the BF would inhibit reducing reaction, which leads to a supplementary of coke to

have reducing reaction with the rest iron ores.
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Figure 4.11: Coke replacement ratio of BF when injecting biomass-based syngas.

The potential of CO; reduction by injecting bio-syngas into BF is also reflected in CO- reduction
rate and net CO; reduction rate, of which the results are shown in Figure 4.12. Because the assessment
of CO; reduction rate considers release of carbon contained in the coke and biomass to the
atmosphere, using bio-syngas with H,/CO ratio of 1.3 cannot achieve mitigation of CO, emissions. As
shown in Figure 4.12(a), CO; reduction rates for syngas with H»/CO ratios of 1.0 and 0.6 both
increase firstly with higher injection of syngas and then the trends become smooth, of which the
ranges are 0.2 to 0.37 and 0.23 to 0.48, respectively. CO; reduction ability of bio-syngas with H,/CO
ratio 1.0 is lower. This is because the coke replacement ratio of syngas with H,/CO ratio 1.0 is lower
than that with ratio 0.6. It is worth noting that a significant drop of CO- reduction rate is found when
the syngas with H,/CO ratio 1.6 is injected from 1239 kg g to 1734 kg t5a. The decrement is due
to the fact that CO, emissions of BF have reached the lowest when injected amount of bio-syngas is
higher than 1239 kg tj;3;. The further reduction of CO, emissions equals to zero but more bio-syngas
are still injected to the BF, which restricts the enhancement of reduction rate. In summation, under the
conditions of same injection rates of bio-syngas, CO; reduction potential is the maximum when the
H,/CO is 0.6, followed by 1.6, and 1.0.

Figure 4.12(b) illustrates net CO, reduction rate with the change of injection rate and H,/CO ratio
of bio-syngas. The net reduction rates have been improved without taking account of carbon credits in
the biomass. It could be found that for H,/CO ratio 1.6, 1.3, and 1.0, the rates of CO, reduction rise

rapidly as reduction proceeds and tend to decrease after the lowest CO, emissions which correspond
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to the highest reduction rates of 0.84, 0.42, and 0.76, respectively. Only for H,/CO ratio 0.6, the net
reduction rate increases when the injection rate varies from 127 kg t;;5; to 890 kg t5. The increase
stalls at point of the lowest CO, emissions, after which net CO;, reduction rate would decrease if more
syngas is provided. A vertical comparison reveals that bio-syngas with ratio 1.6 has the greatest
capacity to reduce net CO, emissions, meanwhile, syngas with ratio 1.3 has the least net reduction
potential. H, content of the bio-syngas acts as a more important role in CO; reduction control.
Moreover, bio-syngas with ratio 1.3 needs the most quantality to maintain particular gas composition,

resulting in per unit of syngas mitigates the minimum net CO, emissions.
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Figure 4.12.: CO; reduction of BF when injecting biomass-based syngas: (a) CO- reduction rate, (b)

net CO; reduction rate.

Combined with the above coke replacement ratios and CO; reduction rates of bio-reducers,
estimated amount of required auxiliary reducing agents along with coke are summarised in Table 4.7.
The results enable the most efficient operation in terms of specific reducing agent injection rate. It is
widely acknowledged that coke consumption in BF cannot be entirely replaced, even so, coke amount
has been decreased by using auxiliary reducing agents. Minimum coke amount could reach 222
kg €3 When bio-oil is at an injection rate of 200 kg t51. Bio-syngas has relatively large mass rate
due to the share of other gaseous components in the syngas. Comparing with results reviewed in the
Table 2.1, coke rate along with additional PCI can be reduced from 280 kg t53; t0 256 kg t55. The

performance of bio-oil as auxiliary reducing agent has also been improved, of which the coke rate has
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a reduction of 233 kg ¢y to 222 kg i3, Moreover, coke consumption based on bio-syngas injection

for various H2/CO ratios built on this research, fills the vacant of these results from literatures.

Table 4.7: Estimated amounts of reducing agents used in the BF process.

Scenarios Coke PC Charcoal Bio-oil Bio-syngas Total
kgtim  kgthgw  kgthu Koty kg thm K9 thu

Only coke 500 \ \ \ \ 500

PC with coke 256 256 \ \ \ 512

Charcoal 286 \ 200 \ \ 486

Bio-oil 222 \ \ 200 \ 422

Bio-syngas (H2/CO 1.6) 224 \ \ \ 1238 1462

Bio-syngas (H»/CO 1.3) 285 \ \ \ 1240 1525

Bio-syngas (H2/CO 1.0) 279 \ \ \ 743 1022

Bio-syngas (H2/CO 0.6) 277 \ \ \ 890 1167

4.5.2 Effect of biomass on BF operation

In this section, effects of biomass-based reducing agent on BF operation are analysed. Firstly,
process efficiencies when BF injects with different reductants are given in Figure 4.13. Due to the
difference among the injection rates, Figure 4.13(a) focuses on charcoal and bio-oil, while Figure
4.13(b) shows the results of bio-syngas under the condition of different H./CO ratios.

As shown in Figure 4.13(a), the biomass flow rate is in the range of 0 to 200 kg t5. Both
process efficiencies of charcoal and bio-oil increase with more supply of biomass. A level up of the
overall process efficiency indicates that the utilisation of charcoal and bio-oil could accelerate
reducing reaction with Fe,Os. It also demonstrates that conversion rates of CO to CO; are improved
by using charcoal and bio-oil. The process efficiency when BF operates with charcoal is increased by
1.5% from 0.41 to 0.42, which is manifestly lower than that when bio-oil is input. Bio-oil as a
substitute of coke could improve process efficiency of BF by 10.3% from 0.41 to 0.46. Under the dual
function of reduction of CO, emissions and coke rate, bio-oil highlights the advantage of replacing
coke in BF.

Different from results of operating with charcoal and bio-oil, bio-syngas leads to a contrary trend
of process efficiency. It is evident that process efficiencies decrease with the increase of bio-syngas
injection. Although H in the syngas could efficiently react with Fe,Os, it simultaneously restrains the
reaction between Fe;O3 and CO, thus leaving more content of CO in the BFG. With the increment of
mass rate of bio-syngas, the amount of CO input would highly exceed the quantity of CO as a

reducing agent, resulting in the entire process efficiency declined. For different H»/CO ratios, the
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process efficiencies decreased with the increased ratio when BF operates with the same amount of
bio-syngas. It is apparent that process efficiency reaches the highest when H,/CO ratio is 0.6, which
ranges from 0.67 to 0.35. When bio-syngas has H./CO ratio of 1.6, the efficiency is the lowest
ranging from 0.62 to 0.27. The variation tendency of process efficiency is mainly due to H content in
the syngas. When H: concentration is higher, the reducing reaction with bio-syngas is dominated by
Ha, so it could impair the ability of CO to boost the reducing reaction and less CO, would be
generated in the BFG. According to the equation of process efficiency, the results become lower if the
increased amount of CO largely outweighs the CO, emissions. To recommend a better H,/CO ratio

for introducing bio-syngas into BF, a further analysis of H,/CO ratio effect on BF operation is needed.
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Figure 4.13: BF process efficiency vs. various biomass-based reducing agent ratio in ironmaking (a)

charcoal and bio-oil; (b) bio-syngas.

Effects of H2/CO ratio on BFG composition and temperature are shown in Figure 4.14. Normally
the components of BFG without drying consist of CO,, CO, Ha, N2, Oy, and H20. Total amount of H.
and CO in the syngas under the conditions of different ratios is 700 kg 51;. As H2/CO ratio changed,
gas composition presents an irregular trend which is mainly related with the initial gas proportion of
bio-syngas. Total percent of hydrogen-based gases, i.e., H> and H»O, increases from 16% to 33% with
the increment of H, content in the syngas. When the H,/CO ratio is higher, it implies higher H,
concentration in the bio-syngas. Most of H, would be consumed first for removing oxygen from the
iron and transformed to H,O contained in the BFG. Especially for syngas with H./CO ratio 1.6 and
1.3, the injection rates of H, reach 71.8 and 59.5 kg 51, respectively, which can guarantee reducing

reaction of all the iron-based materials. Thus final share of H, and H,O in the BFG is the highest
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when Hy/CO ratio achieves 1.6. Total percentage of carbon bearing gases which are CO, and CO
varies slightly at any H»/CO ratios. And the content of N in syngas is used to maintain flow rate of
BFG. On the other hand, temperature of BFG is attributed to injection rate of bio-syngas, appearing as
an increased trend with more bio-syngas input. When H»/CO ratio is 1.3, there is the largest amount of

bio-syngas injected, i.e., 2892 kg tj;3, and the temperature of BFG reaches the highest at 458 °C.
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Figure 4.14: Effects of H,/CO ratio on the BFG composition and temperature.

In order to further estimate the effect of H,/CO ratio on Fe,O3 reduction, distribution of H,
utilisation at different stages is analysed and the results are shown in Figure 4.15. There are four main
approaches to the utilisation of H,, including reduction of FeO, Fe30a4, Fe;0Os, and discharged as
exhaust gas. As Hz/CO ratio decreased, the H, content would decrease, which causes a reduction of
distribution of H; application. Thus the percentage of H: indirect reduction to all the H: orientations
would increase. The bio-syngas has H, content of 28 kg ¢, When Hx/CO ratio is 0.6, however, this
amount of Hz can only be supplied for transition of FeO to Fe, and H: expelled through top gas comes
from coke decomposition. The amount of H; as reducing agent accounts for 78%, and 22% of H, are
eventually wasted as exhaust gas. When the H,/CO ratio is 1.6 and the H; injection rate is 72 kg t53,
the content of H, could satisfy all three steps of Fe,Os reduction. The H; reduction ratios of Fe;Os3,
Fes04, and FeO are 7%, 13%, and 40%, respectively. It is demonstrated that the reduction of Fe,O3
consumes the lowest Hy, and most of H, contents in the bio-syngas are consumed for reduction of
FeO to Fe. The optimal H»/CO ratio of bio-syngas is achieved at the value of 1.6 when injection rate

of bio-syngas is 1734 kg <.
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Hydrogen of the bio-syngas usually reacts preferentially with iron bearing materials compared to
CO of the syngas. This happens because the diffusion behaviour of H is much higher than that of CO.
The diffusion coefficient increases with increased temperature and H; content in the gas mixture. A
higher temperature will lead to the faster gas molecule movement. Reduction with H> is endothermic,
and reduction with CO is exothermic, thus the H; reduction is more suitable in the case of higher
temperature. As bio-syngas is injected first to the lower zone of furnace where temperature is the
highest, H, molecule moves faster to react with iron-based burdan. Therefore, it is also verfied that H»
in the bio-syngas is beneficial to the overall reduction processes in the BF. The H»/CO ratio of bio-

syngas is better within 1.6-1.3.
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Figure 4.15: Effects of H, on different reduction stages of bio-syngas with various H2/CO ratio.

4.5.3 Overall performance of biomass-based reducing agent injection

Finally, the resulting SEC and CO, emissions generated by BF operation with different reducing
agents are shown in Figure 4.16 and 4.17. An apparent result can be seen in Figure 4.16 is that the BF
process injection with auxiliary reducing agent has a lower total site SEC than the reference case, i.e.,

using only coke. The maximum SEC could achieve 18.4 GJ ¢, 4, for BF with coke injection, of

which BF process accounts for the largest percentage and contributes to 14.7 GJ ¢ 4. FOr scenarios
that substitute coke with PC, charcoal, and bio-oil, all the values of SEC reduce from 18.4 GJ +_}, 4.
10 17.5 GJ .} ger 17.8 GI £51 4o, and 17.7 GJ 41 4o, respectively. Lower SEC for case PC is because
charcoal and bio-oil injected into BF have higher heating value than that of PC. Energy consumed in

the BF compose of energy supply from coke, auxiliary reducing agent, and air. Under the conditions
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of constant energy densities of coke and air, the heating value of biomass could severely affect the
final SEC of ironmaking process. The lowest energy consumption is found in the case of bio-syngas,
which is only 15.1 GJ ¢} 4. When injecting bio-syngas into BF, H, content in the syngas reduces the
heating value. And it reveals that bio-syngas is more efficient at energy saving of ironmaking process.

In terms of energy distribution, energy consumption of sintering, coking, BF, and BOF process
form total site SEC. It is certain that BF process consumes the maximum energy ranging from 10.9
GJ 1440 10 13.9 GJ t_ 4., followed by sintering process. The process SEC of coking also varies
with the change of reducing agent applied in BF. When BF only injects coke as reducing agent,
coking process needs the most coal feedstock to produce appropriate amount of coke that needed in
the BF, causing SEC of coking unit to 1.9 GJ t_} 4. It is demonstrated that SEC of coking process is
affected by coke rate of BF. With the decrease of coke rate, process SEC of coking would reduce. In
addition, SEC of sintering and steelmaking processes remain constant when BF operates with
different reducing agents, which is evaluated especially in relation to productivity of ironmaking.

Output of BF process maintains same even with different reducing agents. Thus auxiliary reducing

agent has no effect upon the energy demand of sintering and steelmaking processes.
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Figure 4.16: Specific energy consumption when injecting biomass-based reducing agent.

CO; emissions of on-site BF process in terms of injecting different reducing agents are shown in
Figure 4.17. Total site CO, emissions is the sum of CO, contribution of each production unit. It can

be found that the maximum CO; emissions occurs when BF only operates with coke, which is the
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same as SEC. The largest reduction of CO, emissions could happen when bio-syngas is utilised in BF
as auxiliary reducing agent. The reduction rate achieves 51% from 1.2 GJ ;% 4. t0 0.59 GJ £22 4e-
Taking cases that inject coke, charcoal, bio-oil, and PC into consideration, ironmaking process
discharges more CO; than other three units. This is because only CO acts as a reducing agent in these
cases, and CO is eventually converted into CO,. Similar to the SEC situation, CO; contributions of
sintering and steelmaking keep unchanged, with no regard to different reducing agents. CO;
emissions of coking process increase with injecting higher coke into BF. It can be concluded that the
replacement of coke by auxiliary reducing agent improves the total site SEC and CO, emissions,
however, it cannot influence conditions of sintering and steelmaking processes. Meanwhile, the
optimisation of system could reach the most promising SEC and CO; emissions level by introducing

bio-syngas into BF process.
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Figure 4.17: Direct CO, emissions when injecting biomass-based reducing agent.

4.6 Summary

In this chapter, the performance of BF is optimised first by substituting coke with biomass-based
reducing agents. The possibilities of converting biomass feedstock into reducing agent have been
discussed. Three cases that processes with charcoal, bio-oil, and bio-syngas are designed to explore
the potential of coke replacement and CO, emissions reduction. The model of cases is built and
simulated by Aspen Plus based on three reactions among reducing agents and iron bearing materials.

Besides the effect of biomass on BF operation, total site SEC and CO; emissions from full-length
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manufacturing process are also analysed. Injection rates of different biomass are main variables to
evaluated system, while bio-syngas needs additional consideration of H,/CO ratios.

As a results, charcoal, bio-oil, and bio-syngas can be utilised in BF as auxiliary reducers with a
certain amount. The results indicate that coke demand per ton of hot metal can be decreased and CO;
emissions are reduced when bio-reductants are injected into BF. An optimal coke replacement is
operated with 200 kg 53, bio-oil and 222 kg t53; coke. The reaction involving bio-syngas has the
most potential to reduce CO, emissions, and the favourable H»/CO ratio ranges from 1.6 - 1.3. Carbon
content in the biomass has relatively large effect on the final CO, emissions. It is necessary to clarify
the sink and boundary of each CO; emissions evaluation. Based on systematic results of energy
consumption and CO; emissions, it can be found that biomass barely has influence on sintering and
steelmaking. Further performance study of sintering and steelmaking should focus on the productivity
of ironmaking.

Table 4.8 lists the main advantages and disadvantages for three kinds of bio-reductant after

overall evaluation of BF operating with biomass-based reducing agent.

Table 4.8: Advantages and disadvantages for three bio-reducers.

Biomass Advantages Disadvantages
Charcoal e  Highyield *  High oxygen and volatile matter
e High heating value e Low replacement of coke
e Well comparable to coke *  Low CO; reduction rate
Bio-oil e High coke replacement e High content of oxygen, ash, and
*  High BF process efficiency moisture

e Particular raw material
Great potential to reduce ¢  Hard to remove other gases in the

Biomass-based syngas

CO; emissions syngas
e H in the syngas has high <  High amount of syngas needed to
reducing ability control the results of reduction
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Chapter 5
CO: capture combined with waste heat

recovery for iron making process

It is noted that the aforementioned ways i.e., BF operation with biomass-based syngas has the
largest CO> reduction rate, but it is still not enough to reduce CO, emissions and improve energy
efficiency from fossil-based sources. To further achieve the targets, both CO; capture and waste heat
recovery technologies should be adopted. It is widely acknowledged that carbon capture is recognised
as the cost-effective method to reduce energy-related emissions in various industries. In our basic
system, CO, discharged from BF process accounts for 18% of the top gas, and it is the largest
emission source in the whole iron and steel production chain. Meanwhile blast stove exhaust exits
from furnace at around 250 °C. To recycle abundant low grade heat from hot stove flue gas, ORC
technology has been demonstrated as a feasible choice due to its simple configuration and high
reliability. In order to reduce energy penalties caused by CO- capture, ORC is used for providing CO;
compression power and solvent regeneration heat. In this chapter, ORC combined the CO, capture is
integrated into a biomass-based BF process. The study aims to find a sustainable way to improve
energy efficiency and a high CO, recovery. Different possibilities of implementing CO, capture and
ORC into an iron and steel plant is analysed. From the viewpoints of CO, reduction and energy

balances, performance analysis is conducted to compare the proposed system and the reference case.

5.1 Amine-based carbon capture in the iron and steel production

Generally, carbon capture can be classified into three types, i.e., pre-combustion capture, post-
combustion capture, and oxy-fuel combustion. The technology that intends to capture CO, from the
flue gas which usually has a low concentration of CO; (3-20%) is referred to as post-combustion CO;
capture. Amine-based CO, capture is a well-known post-combustion capture technology for gas
sweetening and is considered as one of the most attractive CO, capture options due to its process

simplicity and maturity [245]. As one of the main solvents used for post-combustion CO, capture,
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mono-ethanolamine (MEA) is very reactive and can effectively remove a high volume of acid gas
from flue gases [246].

Figure 5.1 presents a simplified MEA-based CO; absorption process scheme. The capture plant
using MEA usually consists of an absorber and a stripper. The most commonly accepted reaction
mechanism of MEA and CO; is zwitterion mechanism. The zwitterion is a type of intermediate that is
instantaneously neutralised by MEA and then forms carbamate [247]. Two steps of reaction between
MEA and CO- could be expressed as equations 5.1 and 5.2. The existence of carbamate is unstable
when CO; loading is high. CO;2"/HCO,~ is formed at high CO, concentration, which is usually
described as equation 5.3. As can be seen from equations, CO; desorption from rich solvent is a

reverse process of CO; absorption.

CO, + RNH, & RNH,*C00~ (5.1)
RNH,"CO0O~ + RNH, <> RNHCOO™ + RNH,* (5.2)
RNH, + CO, + H,0 & HCO;~ + RNH;* (5.3)
Lean gas
Absorber Stripper
YN AT CO, compression
. Reboiler
CO, rich gas
B <« O

- |

Figure 5.1: MEA-based CO; capture process configuration.

Several projects have attempted to implement MEA-based CO- capture to ironmaking BFG and
other steelmaking off-gas steams, e.g. the Ultra-Low CO; Steelmaking program attempts to separate
CO, from top gas and reinjects CO back in BF. [248]. It is found that these projects have rarely moved
into commercial scale, which is mainly due to high separation costs. The separation costs for MEA-
based CO, recovery from BFG with 30-40% CO; is estimated at $ 71.7 t* CO, [249]. More
importantly, the capture processes are energy-intensive and a large quantity of energy are required for

solvent regeneration. Regeneration heat is often provided by additional fossil fuel combustion, which
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incurs extra investment costs and CO; emissions. Through the recovery of excess heat from industrial
sites to drive an amine-based absorption process, the production of process steam and CO, emissions
at the power plant could be decreased. Under this scenario, low heat recovery technologies e.g. as
ORC for power generation are integrated with CO- capture to further reduce energy penalty [250].
Applications of low grade heat recovery technologies in iron and steel production have been
summarised in the Section 2.3.2. Table 5.1 summarises several integrated cases of CO, capture and
ORC in power plants. ORC system could provide electricity for CO, compression. However, there is
limited research on the CO; capture of iron and steel plant integrated with ORC. The integrated
system in this chapter aims to partly cover the demands of electricity and regeneration heat for CO;

capture, meanwhile achieving the goal of reduce CO, emissions.

Table 5.1: Several examples of integration of CO; capture and ORC in industries

ORC power  Net power Captured
output output CO; (kg 1)

2.02 MW 381.2 MW 42.43 MEA absorption [251]

Application Capture method  Ref.

Natural gas combined
cycle power plant
Liquefied natural gas

cycle 0.11 MW 0.39 MW 2.78 Condensation  [252]
Coal-fired power plant 12.8 MW 255.5 MW 62.8 MEA absorption [253]
Combined system of .
ORC and carbon capture 0.69 MW 0.63 MW 2.8 MEA absorption [254]
Thermal power plant 17.4 MW 300.7 MW 0.5 mol CO/ MEA absorption  [255]

mol MEA

5.2 System description and modelling

Figure 5.2 illustrates the general schematic diagram of decarbonised BF ironmaking process
integrated with ORC. The process is composed of a BF operation with biomass-based reducing agent
injection, a MEA-based CO; capture and compression system, and an ORC system. The whole system

is modelled using Aspen Plus.
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Figure 5.2: Schematic diagram of decarbonised BF ironmaking process.

5.2.1 BF ironmaking unit

The modelling of BF unit is based on the current BF simulation in Section 3.4.3. Coke is
produced in coke ovens and the iron ore has been previously agglomerated in the sinter or pelletizing
plants. The biomass-based syngas and hot blast are injected into the BF through tuyées. In the BF
ironmaking plant, the major sources of CO; emissions come from the BF top gas and hot stoves. The
off-gas exits the top of the furnace and proceeds firstly to the cleaning equipment where the
significant amounts of sulphur, oxygen or contaminants are removed from the BFG. Partial cleaned
BFG and COG is burned as fuel gases in the HBS. The combustion of flue gases could provide
preheated air at a temperature from 900°C to 1250°C, which allows achieving the smelting
temperature in the BF [256].

Table 5.2 shows simulated results of BFG composition when BF operates with different reducing
agents. All the details of input streams refer to Table 4.4. In the cases of which inject biomass as

auxiliary reducing agent, the demands of charcoal, bio-oil, and bio-syngas are 200 kg <53, 200
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kg i3, and 1734 kg i3, respectively. It can be seen that 1.2% CO; exists in the flue gas from case
of bio-syngas and it nearly reduces 92% CO; emissions compared with that of the basic case which
only injects coke as reducing agent in BF. Thus carbon capture technology is used to further reduce

CO;, from flue gases of which the CO, concentrations range from 14.8% to 18.2%.

Table 5.2: Key parameters of BFG simulated results.

P Only coke PC Charcoal Bio-oil Bio-syngas
arameters - L o o L)
injection injection injection injection injection
Gas composition (vol %)
0, 3.9 3.9 3.7 2.9 3.0
N> 47.0 47 .4 47.8 53.1 35.0
H, 5.1 4.3 5.2 5.8 16.7
CO 25.8 26.2 25.5 23.4 44.1
CO, 18.2 18.3 17.7 14.8 1.2
Flow rate (kg s1) 319.3 319.1 312.4 275.6 345.3
Temperature (°C) 386 385 387 391 426

5.2.2 COz capture unit

Any of the gas that not consumed in the stoves will enter CO, capture system combined with
exhaust gas from HBS. The process starts with a blower to mitigate pressure drop in column of
absorber. Then a direct contact cooler (DCC) is used to cool down flue gas to about 40 °C. Further,
CO; from flue gas will react chemically with MEA solution. The scrubbed flue gas is emitted to the
atmosphere and the rich CO; solvent is heated by a lean/rich cross heat exchanger to around 100-110 °C
before it flows to stripper. The MEA solution is regenerated inside the stripper with vapour flow from
the reboiler, while the CO; exiting the top of column and is condensed in condenser. Liquid reflux
returns to stripper and CO; is sent for compression. Regenerated solvent is recycled to the absorber by
passing through the cross-heat exchanger where solvent provides its heat to rich solvent. The CO;
capture process is simulated by Aspen Plus as shown in Figure 5.3 using rate-based mode of RadFrac
model which could simulate absorber and stripper with chemical reactions. The model of CO; capture
unit has been validated in the Abigail Gonzalez’s doctoral thesis [257] where comprehensive
flowsheet models of CO, absorption have been validated using four data sets of pilot plant [258]. The
validation shows that the Aspen rate-based absorber model efficiently simulates the absorber of pilot
plant, and it also relies heavily on the MEA-CO,-water reaction kinetics model and the selected mass
transfer correlations. Table 5.3 shows the comparison of simulation results from Abigail’s work and

Rezazadeh et al [259].
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Table 5.3: Comparison of simulation results from Abigail’s thesis and Rezazadeh et al.

Comparison CO, Rich Absorber fraction Reboiler Reboiler duty
P capture rate loading to flooding temperature
Rezazadeh 0 0 o 1
et al [250] 90% 0.4761 73% 117.2 °C 3.64 MW {* CO,
A[g'597a]" 90% 0.4721 70% 120 C 3.56 MW £ CO,

Another section of model includes pumps, heat exchangers, and separators. Blower and pumps
are modelled by blocks of expander and pump. Heat exchangers are applied as cooler, lean/rich
exchanger, condenser, and reboiler for providing regeneration heat, respectively. Four separators are
deployed as DCC, washer, and deaerators, respectively. Their input parameters are summarised in

Table 5.4. Details of absorber and stripper are illustrated in subsequent contents.

Table 5.4: Input parameters of MEA-based CO; capture model in Aspen plus.

Component Parameter Value
Blower Pressure inqrgase 0.1 bar
Isentropic efficiency 85%
Pump 1 Discharge pressure 5 bar
Pump 2 Discharge pressure 1.9 bar
Cooler Outlet temperature 40 °C
Lean/rich heat exchanger Hot inlet-cold outlet temperature difference 2 10 °C
Reboiler Cold stream outlet temperature @ 120 °C
Condenser Outlet temperature ® 40 °C
DCC Outlet temperature @ 45 °C
Washer Outlet temperature 45 °C

2 Values are taken from reference [260].
® Values are taken from reference [257].
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Figure 5.3: Schematic diagram of MEA-based CO, capture in Aspen plus.
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Sensitivity analysis is a typical way for the design of absorber and stripper. For absorber, the
analysis focuses mainly on determining the mass flow of solvent and column size which includes
packing height and diameter. Theses parameters are all related to specific CO- fraction in the flue gas
and CO; capture rate. Mass flow rate of solvent could be determined by rich loading which indicates
the ratio of moles of CO; to moles of MEA in the liquid rich in acid gas exiting absorber bottom.
According to equations 5.1 and 5.2, the ideal rich loading should be 0.5 mol CO2/mol MEA, but it is
difficult to dispose 100% CO, in the flue gas and lean solvent solution has a small portion of CO,.
Thus rich loading usually covers a certain of range from 0.25 to 0.53 [261]. Rich loading depends on
temperature of absorber and partial pressure of CO,. The latter is calculated as equation 5.4:

Pco, = ©co, fiue X Prot (5.4)
where Pc,, is partial pressure of CO in the absorber, ¢¢o, fie is Mmole fraction of CO; in the flue gas,
and P, is total pressure of the absorber system.

The parameters for designing stripper usually include lean loading, temperature and pressure of
stripper. The reactions occurred in the stripper are endothermic. The heat duty is provided by reboiler
only for reverse of CO, absorption. High temperature and pressure at stripper could accelerate CO;
mass transfer rate, whereas they also cause problems of solvent degradation and corrosion in the
stripper. An appropriate temperature of reboiler needs to be determined for stripper operation. It is
verified that 120 °C is a recommended temperature which has optimised the experimental results in a
pilot plant [262]. Lean loading is defined as moles of CO; to moles of MEA in the lean solvent exiting
from the bottom of stripper, which is calculated as equation 5.5:

nCOZ,lean

Lean = (5.5)

NmEA
where n¢, is mole of CO; in the lean solvent, and nyg, is mole of regenerated MEA existing the
stripper. With regard to the ratio between mass rate of MEA solution and flue gas, a parameter of

Lig/Gas ratio is used and is defined as equation 5.6:

Liq/Gas = & (5.6)
1 mflue .

where mg,, and mg,,, are mass flow rate of solvent and flue gas, respectively.
Absorber and stripper are both packed columns. Packing of two columns increases contact area
between gas and liquid phases, and also reduces pressure drop. Generally, the ratios of height to

diameter of two columns are larger than 1 [263]. The packed height is a function of theoretical plate
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height that is decided by transfer coefficient of gas and liquid phases [264]. When CO; has high level
concentration, rich loading is the main factor that influences packing height of absorber, while volume
of CO; is low, packing height is affected by the gas residence time. Column diameter is determined

by gas flow rate and gas velocity passing through column, which is expressed as equation 5.7:

4Gas

U

D= (5.7)

where Gas is gas volume flow rate, u is gas superficial velocity through cross section of column.
Table 5.5 lists basic parameters for absorber and stripper. Details of absorber and stripper design
equations are provided in Appendix A. Inlet temperatures of flue gas to absorber and rich solvent to
stripper are determined by DCC and lean/rich heat exchanger, respectively. The pressure of stripper is
set to guaranteeing temperature of MEA boiling lower than that of MEA degradation [263].
Recommended values for pressure drop of absorber and stripper range from 147-490 pa m™ packing
[259]. The calculation types of absorber and stripper are rate-based approach that considers mass
transfer between gas and liquid phases [265]. For both columns, the category of packing is chosen as

Sulzer Mellapak 250Y for higher mass transfer efficiency.

Table 5.5: Basic parameters of absorber and stripper.

Parameters Absorber Stripper
Inlet temperature (°C) 40 115
Column pressure (bar) 1 1.8%

Column pressure drop (bar) 0.03° 0.012°
Number of stages 20° g°
Calculation type Rate-based* Rate-based*

Packing type Sulzer Mellapak 250Y" Sulzer Mellapak 250Y?

2 Values are taken from reference [263].
®\alues are taken from reference [259].
Values are taken from reference [257].
9Values are taken from reference [265].

The objective of carbon capture system is to capture 90% of the CO; in flue gas using 30 wt%
MEA solution. Capture rate of 90% is commonly used for design and evaluation of MEA-based
capture in open publications [266]. Parametric analysis of absorber is to explore the effect of CO,
concentration and MEA mass flow rate on the rich loading and height of column and then to decide

conditions at constant CO; capture rate.
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5.2.3 CO2 compression unit

Recovered CO; is further transported to different storage sites which could be underground or
deep sea. Pipeline for CO; transportation is the one of most common ways. CO; needs to be
compressed to the pipeline at the pressure ranging from 85-150 bar. It is mainly to ensure a stable
phase of CO, when it flows along the pipe [255]. Three different phases, i.e., vapour, liquid, and
supercritical are viable for CO.. It is assumed that CO, has a long-distance transportation, so the
discharge pressure is required to be high to avoid pressure drop and gas volume. In this study, CO- is
pressurised to the supercritical phase for long distance transportation.

Figure 5.4 shows schematic diagram of CO, compression model in Aspen Plus. The validity of
the CO2 compression model has been processed by comparing results from Rezazadeh et al [259] with
data available in the public domain [267]. The comparison of CO; compression electricity
consumption is presented in Table 5.6. The whole CO, compression process consists of multi stages
to compress CO; flow. The number of stages depends on pressure ratio of CO,, which is defined as
final pressure of CO; to pressure of CO2 when it inputs to the compression system. To compress CO>
from 2 bar to 150 bar, of which pressure ratio is 75, 7 stages are required for compression, conversely,
compression system needs more stages. One unit of compression stage include a compressor, an inter-
cooler, and a separator. Inter-cooler is used for condensation of water and reducing volume of gas
before gas enters next stage. Gas is condensed to 40 °C at cooler to stabilise its supercritical status.
And reduction of gas volume could save energy for compression. Basic information for compression

system in simulation is given in Table 5.7.

o . Compressorl

Compressor2 Compressor4

Compressor3

[6] cooler2 Cooler3
Flashl @
[14]
Flash5 Flash4
Cooler4

Cooler7

Compressor7 5 Compressor6 Compressors

Figure 5.4: Schematic diagram of CO, compression in Aspen plus.
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Table 5.6: Comparison of CO, compression model results.

Parameter Rezazadeh et al National Energy Technology Error
[259] Laboratory [267] (%)
CO, compression electricity 18 MWe 18.977 MWe 515

consumption (MWe)

Table 5.7: Input parameters of CO, compression model.

Component Parameter Value
Compressor 1 _Inlet pressure 1.868 bar

Discharge pressure 4 bar

Compressor 2 Discharge pressure 8 bar
Compressor 3 Discharge pressure 15 bar
Compressor 4 Discharge pressure 30 bar
Compressor 5 Discharge pressure 60 bar
Compressor 6 Discharge pressure 110 bar
Compressor 7 Discharge pressure 150 bar
Cooler 1-7 Condensation temperature 40 °C
Flash 1-6 Temperature 40 °C

5.2.4 ORC power generation unit

As indicated in Figure 5.2, the sensible heat of flue gas from hot stoves is recovered as heat
source to drive the ORC system. An ORC configuration includes an evaporator, an expander, a
condenser and a pump. The system in this study also deploys a preheater, a superheater, and a
regenerator to increase inlet and outlet temperature, thus improving thermal efficiency. Organic fluid
is directly heated by flue gas from hot stoves via the evaporator and enters the expander as vapour.
Then the power generated in the expander is transferred to CO, compressor system. Working fluid
leaving expander is proceeded to condenser and later is sent to pump for pressurisation. The
integration of ORC system could avoid the energy penalty caused by the steam and electricity
traditionally generated at CHP plant.

Figure 5.5 presents basic simulation flowsheet of ORC in Aspen Plus. This model has been built
and validated in our previous study [268], which is shown in Table 5.8. The relative errors show a
good agreement between the reference and previous work. Thus, the ORC model in the previous
study is reliable to be used directly in this calculation.

Input parameters for this ORC model are presented in Table 5.9. Assumptions of the ORC model
are as follow: (1) ORC cycle operates under steady-state conditions; (2) thermodynamic equilibrium
happens at the inlet and outlet of each component; (3) the kinetic energy of heat transfer and working

fluid in solar ORC cycles are negligible; (4) heat loss and pressure drops in the system can be
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overlooked; and (5) electricity consumption of water valves and refrigerant valves are ignored. Mass
flow rate of hot stream is read from hot stove gas of BF model. Mass flow rate of condenser cooling
water is set to meet heat demand of MEA regeneration. Inlet temperature of cooling water is read
from model of CO; capture. Mass flow rate of working fluid is calculated from the energy balance at
evaporator. Evaporation and condensing pressures are evaluated based on thermodynamic properties

of refrigerant.

——Hot source flow

——Cold source flow

Figure 5.5: Schematic diagram of ORC power generation in Aspen plus.

Table 5.8: Comparison of results between the reference and precious work.

Parameter T1 () (kgmgf,l) T4(T) Ts5(T) Whee (KW)  Qn (kW)  morc (%)
Kaska, O [194] 92.9 11.06 34.9 354 262.2 2479 10.58
Pre"'[‘;‘ésé]smdy 933  11.06 3487 3541 244.6 2313 10.57

Error (%) 0.43 0 0.09 0.03 6.71 6.69 0.09

Table 5.9: Input parameters of the ORC model in Aspen Plus [268].
Section Parameter Value

Calculation method Peng-Robinson method

. Discharge pressure Evaporation pressure (210 °C)
Fluid pump Efficiency 0.65
Regenerator Cold stream outlet temperature Ts

Preheater Cold stream outlet vapour fraction 0
Evaporator Cold stream outlet vapour fraction 1
Superheater Cold stream outlet temperature T,

Expander Discharge pressure Condensing pressure

P Isentropic efficiency 0.75
Condenser Condensation temperature 150 €
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Working fluid Mass flow rate 51kgs?

Hot stream Mass flow rate 208.95 kg st
Inlet temperature 250 €
Cold stream Mass flow rate 575kg st
Cooling temperature 134 C

In order to meet the temperature for solvent regeneration ranging of 110 °C-130 °C, it is
necessary to choose a proper working fluid ensuring the condensing temperature of refrigerant higher
than 130°C. In this study, toluene is selected as refrigerant due to its high critical temperature and low

environmental impacts, and its basic properties are listed in Table 5.10.

Table 5.10: Basic properties of working fluid [269].

Fluid Critical Critical pressure Density Heat of vaporisation
Temperature
Toluene 318.6 C 41.26 bar 862.2 kg m™ 361.3 kl kg*

Figure 5.6 shows the T-s diagram of an ORC system with toluene, which is illustrated as
saturated line of working fluid in the temperature versus different entropy. The thermodynamic
properties data of toluene is obtained from REFPROP 9 (National Institute of Standards and
Technology, Gaithersburg, MD, USA). The blue line in the figure represents ORC cycle with state
points, at which fluid goes through a transition between liquid and vapour phases. Densities of toluene
from 20 to 800 kg 3 are also drawn in the figure using dotted lines. At state point 1, toluene enters
the expander to deliver work and is expanded to condensing pressure at point 2. Next, toluene passes
through regenerator to release part of heat which could preheat toluene after compression at point 5.
From 3 to 4, toluene is condensed to a saturated liquid and then it is pressurised in the compressor to
evaporation pressure. During the heating process, toluene is first preheated from point 6 to 7, then it is
constantly heated at evaporator where it becomes a saturated vapour. After toluene leaves the
evaporator and before entering turbine, toluene has a superheated vapour phase. Because toluene is a

dry fluid, there is no need for superheating in this cycle.
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Figure 5.6: T-s diagram of an ORC system using toluene as the working fluid.

The electricity and heat generated by ORC system will be investigated to compare electricity and
heat consumption CO. capture and compression units. System combined with ORC and CO. capture
is compared with the reference case using different reducing agents, for the purpose to evaluate

benefits for CO, capture when waste heat recovery technologies are applied.

5.3 Thermodynamic analysis method of CO2 capture system with ORC

5.3.1 CO:z capture and compression system

The effects of design parameters on CO. capture system are mainly reflected in the aspects of
CO; capture rate and energy consumption. Although the final specification of capture system is
established based on the constant capture rate, i.e., 90%, adjustments of loading and column
characteristics are necessary to control CO, capture rate. Generally, the proportion of CO, removed
from initial flue gas is defined as CO; capture rate, which also stands for the amounts of CO, captured

of per total amounts of CO; that input absorber. The capture rate is calculated as equation 5.8:

_ Nco,,out,str

CRCOZ - (58)

ﬁCOZ,in,abs
Where ico, out,ser @Nd 7o, inaps are mole flow rates of CO, exiting stripper and CO. entering

absorber, respectively.
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CO, desorption is an endothermic reaction and is driven in the stripper. CO, escapes with
vaporised water from top of the stripper. Meanwhile, absorbent regenerates in the stripper and
requires a large amount of heat which consists of three branches, as shown in equation 5.9 [270]:

Qregenmea = Qre + Qsen + Quar (5.9)
where Qregen,MEA is regeneration heat of MEA solvent, it consists of reaction heat Q,, of CO,
desorption, sensible heat Q,,, to heat up rich solution to the regeneration temperature, and latent heat
0,4 Of vaporising water. The regeneration energy varies with different values of lean loading. In our
system, regeneration heat of reboiler is provided by condensing steam from ORC system, thus

Qregen,MEA could also be expressed as equation 5.10:

Qregen,MEA = Qcond = mc(hc,Z - hc,l) (5.10)
where Q.4 is heat required for condensation in ORC system, 7. is mass flow rate of cooling water,
h¢, and h. 4 are specific enthalpy of input low pressure steam and outlet cooling flow, respectively.
For energy consumed to vaporise water in the stripper to generate steam, Q,, is calculated
considering energy balance between condenser as shown in Figure 5.3, which is represented in
equation 5.11:

Qlat = mc02,1hc02,1 - mcoz,shcoz,s - mrefluxhreflux (5.11)
where subscripts of mass flow rate 1 and specific enthalpy h correspond to moist CO; exiting from
the stripper, dry CO,, and reflux of water, respectively. As for reaction heat for CO, desorption Q,.,
an equilibrium is expressed as equation 5.12:

Qre = Moy 0ut strBhre (5.12)
where Ah,, is molar reaction enthalpy between CO, and MEA. So sensible heat Q,,, is estimated
based on the difference between regeneration heat and sum of latent heat with reaction heat.

Electricity consumed by the compressors 1-7 are expressed as equations 5.13:
Weom,i = Mco,out,str (Peomiv1 — Reom,i) (5.13)

where hgom 141 and heop ; are the outlet and input specific enthalpy of the ith CO, compression stage.
5.3.2 ORC system

The performance analysis of ORC system is based on the thermodynamic model. The general

energy balance of the conventional ORC can be expressed as equations 5.14 and 5.15:
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XMin = XMyt (5.14)

Q +W = XMouthout — XMinhin (5.15)

where Q and W are the net heat flow rate and work inputs, h is specific enthalpy of the stream of the
system, and m;, and m,; are inlet and outlet mass flow rates.
Total heat absorbed by working fluid consists of energy transferred from preheater, evaporator,

and superheater, and those can be evaluated by equations 5.16-5.19:

Qpreheat = tys(h; — he) = mw(hhot,3 - hhot,4) (5.16)
Qeva = Myr(hg — hy) = mw(hhot,z - hhot,3) (5.17)
quperheat = mwf(hl - hB) = mw (hhot,l - hhot,z) (518)
Qh = Qpreheat + Qeva + quperheat (519)

where Qpreneat: Qeva aNd Qsuperhear are thermal energy obtained by working fluids in the preheating,

evaporation and superheating process, respectively. The subscripts of specific enthalpy h are based on
state points, as shown in Figure 5.6.

The heat balances in the condenser and regenerator can be expressed by equations 5.20 and 5.21:

Qeona = Ttye(hs — hy) = 1ic(hez — Res) (5.20)
Qregen = my(hy — hs) = myr(he — hs) (5.21)
Energy conservation in the expander and fluid pump is defined by equations 5.22 and 5.23:
Wexp = twi(hy — h2) (5.22)
Wou = 1ite(hs — hy) (5.23)

The expansion ratio of ORC process R,, is defined as ratio of working fluid inlet pressure to

outlet pressure of expander, which is usually described as equation 5.24:

22
Rp — _mexp (5.24)

Pout,exp

where P, .., Is expander inlet pressure which is defined by evaporating pressure of working
fluid, and P, ., is €xpander outlet pressure which equals to condensing pressure of refrigerant.

Net power W, and cycle thermal efficiency of conventional ORC ngrc are presented by

equations 5.25 and 5.26:

Wnet = Vi/exp - Vi/i)u (5.25)
w,
Norc = == (5.26)
Qn

The detailed exergy analysis of the conventional ORC will be illustrated in Chapter 6.
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5.4 Performance of integration system

In this section, influence of MEA solution and column parameters, i.e., MEA solution flow rate,
rich loading, and the absorber height, are investigated in terms of CO; capture rate and reboiler duty.
The comparison of energy required for MEA regeneration and CO, compression are based on chosen
cycle parameters. The benefits of ORC integrating with CO2 capture are summed up to explore the

potential of energy saving and CO; reduction.

5.4.1 Effects of MEA solution flow rate on capture rate and reboiler duty

To separate 90% CO, from BFG, it is necessary to adjust flow rate of MEA solution to maintain
the same capture rate. Flue gases which have different CO, concentration would be in relation with
various range of MEA flow rate. The effect of the CO, concentration and MEA solution flow rate on
the capture rate are shown in Figure 5.7. CO, concentrations of BFG are 18.2%, 18.3%, 17.7%, 14.8%
respectively, which also correspond to the reducing agents used in BF, i.e., only coke, PC with coke,
charcoal, and bio-oil. The model also sets initial values of absorber height 24m, and diameter of
columns 13m.

It is evident that increasing MEA solution flow rate leads to the rise in capture rate. When BFG
has CO, concentration of 18.2% and 18.3%, the trends of capture rate with the change of solvent flow
rate perform almost the same. CO; capture rates of concentration at 18.2% and 18.3% rise from 55.5%
t0 93.1%, and 55.7% to 93.3%, respectively, with an increase of solvent flow rate from 1000 kg s to
1800 kg s*. The difference between capture rate of two stream is only 0.2%. MEA solution flow rate
that could capture 90% CO, from BFG is found at 1715 kg s* corresponding to a CO, concentration
of 18.2%. As CO; concentration is increased by 0.1% to 18.3%, 90% capture rate could be achieved
by 1708 kg s* MEA solution. For flue gas with 17.7% CO, concentration, the demand of solvent
decreases to 1640 kg s*. Only 1245 kg s MEA solution is needed to capture 90% CO, from BFG
that CO; concentration is 14.8%. It is worth noting that solvent flow rate cannot infinitely increase at
a constant absorber height, otherwise flood of streams would happen in the column. Under the
condition of same solvent flow rate, higher CO, concentration brings lower CO, capture rate. This is
because the same amount of MEA reacts with a fixed amount of CO, which would account for the

great majority of CO; in the BFG with low CO, concentration.
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Figure 5.7: CO; capture rate at different CO, concentration and MEA solution mass flow rate

Figure 5.8 depicts the effects of solvent flue rate on rich loading and rich loading on the CO;
capture rate. Rich loading indicates MEA loading with CO; at outlet of absorber. According to
reaction mechanism between MEA and COg, rich solution has fractional ions including MEAH™,
MEACOO™~, HCO3, and CO%~, which are associated with MEA and CO,. After calculating rich loading
of four streams of flue gas, it could be found that rich loading presents opposite trends compared to
the capture rate. The solvent flow rate ranges from 1000 kg s to 1800 kg s, which results in rich
loading decreased from 0.4813 to 0.4571. As shown in Figure 5.8(b), the relation of capture rate with
rich loading becomes a singer line. Capture rate continuously decreases with the increase of rich
loading. Under this condition, higher rich loading usually occurs when lower MEA solution flow rate
injects into absorber. Because lower solvent flow rate leads to reduced capture rate, the overall
tendency of CO; capture rate in relation with rich loading is reasonable. As shown in figure, 90%
capture rate presents where rich loading is 0.4687. Capture rate starts to drop sharply after 90%, and

this demonstrates that considerable amount of MEA is needed to separate over 90% CO; from BFG.
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Figure 5.8: (a) Effect of MEA solution flow rate on rich loading; (b) Variation of CO capture rate at

different rich loading.

Figure 5.9 shows the trends of reboiler duty which is a crucial point to represent MEA
regeneration heat. The MEA solution flow rate increases from 1000 kg s to 1800 kg s. Similar to
the results of capture rate, heat required for MEA regeneration increases with more MEA in the
stream. The results are comprehensible because the mass of MEA in the lean solution is proportional
to the heat duty. Therefore, increased solvent flow leads to higher sensible heat that heats up the MEA.
Higher sensible heat corresponds to higher reboiler energy. Since capture rate increases with solvent
flow rate, the reboiler duty naturally grows with higher capture rate.

The figure also reflects the effect of CO, concentration of flue gas on the reboiler energy. When
same amount of lean solvent is regenerated to the cycle, the maximum reboiler energy is found at CO;
concentration of 14.8%, whereas the minimum reboiler duty occurs at 18.3% concentration. It is
indicated that lower CO; concentration requires relatively high specific reboiler duty per unit of MEA
regenerated. To maintain the CO, removal rate at 90%, the lean solvent flow rate increases with the
increase of CO, concentration, and the demands of heat are 3.452 MJ kg* CO, 3.450 MJ kg CO,
3.451 MJ kg COy, 3.456 MJ kg CO,, respectively for flue gases with CO, concentration of 18.2%,
18.3%, 17.7%, and 14.8%. It could be found that the difference among heat duties under conditions of
four CO, concentration are subtle. Thus the reboiler duty is less sensitive to the CO, concentration of

flue gas when capture rate is fixed.
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Figure 5.9: Specific reboiler duty vs. various MEA solution flow rates.

5.4.2 Effects of absorber height

This section investigates effects of absorber height on capture rate, rich loading, and reboiler duty
at a given flow rate of MEA solution which is related to 90% capture rate. Packing height in the
absorber column is a dominate factor that affects contact area and transfer coefficient of gas and
liquid streams. It is necessary to set column height properly, otherwise high absorber can slow down
the reaction rate and low absorber height would cause flood in the column. Figure 5.10 shows the
variation of the capture rate at different height of absorber and CO; concentration. It is apparent that
four lines under different CO, concentration almost gather as one trend. Comparing with Figure 5.7 in
which capture rate is jointly affected by solvent flow rate and CO; concentration when packing height
is constant, capture rate is mostly related with absorber height other than CO; concentration when
solvent flow rate is fixed. This comparison illustrates that absorber height acts as more prominent role
than solution flow rate and CO- concentration.

As labelled in figure, to achieve 90% CO, separated from flue gas, absorber height needs to be
designed as 24 m. Although capture rate presents a rise with higher absorber, the amount of CO;
removed from flue gas increases swiftly at lower absorber height, i.e., below 20 m. As height of
absorber greater than 20 m, the capture rate changes inapparently with the increase of absorber height.
It is demonstrated that 100% removal of CO, from flue gas needs extremely high column, and this
would result in low efficient utilisation of column. This is also the main reason why CO, removal rate

is usually set as 90% to save cost of building column.
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Figure 5.10: CO, capture rate at different CO, concentration vs. height of absorber (D: 13 m).

Effects of CO; concentration and absorber height on the rich loading are shown in Figure 5.11.
The solvent flow rates at which capture rate is 90% are applied to analyse rich loading. Under this
condition, the flow rate of flue gas needs to change accordingly with absorber height, which aims to
maintain capture rate as 90%. The relation of flue gas injection rate with height of absorber is shown
in Figure 5.12. When absorber height is below 15 m, rich loading and flue gas rate have a dramatic
increase and approach to a flat after absorber height greater than 20m. The initial flue gas rates are all
around 300 kg s. If absorber height is shortened to the lowest length, i.e., 5m, flue gas flow rates are
reduced to less than 50 kg s and the rich loading is about 0.3. The reduction rates reach 83% and
37% respectively for flow rate and rich loading. The fact illustrates that a great amount of MEA has
not been used at lower absorber height, thus absorber height has to be set higher than 15m. The
diagrams also show that CO, concentration barely has influence on the rich loading, while flue gas
flow rate would decrease with reduction of CO, concentration. Rich loading is only affected by CO;
concentration when absorber height is fixed. As a consequence, absorber height and solvent flow rate

are two main factors that control the rich loading.
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Figure 5.11: Rich loading at different CO; concentration vs. height of absorber (D: 13 m).
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Figure 5.12: Flue gas flow rate at different CO, concentration vs. height of absorber (D: 13 m).

Effects of absorber height on reboiler duty under the conditions of fixed capture rate and solvent
flow rate are shown in Figure 5.13. Overall trend of reboiler duty is opposite to the results of rich
loading. It has been observed that the maximum reboiler duty is required at the lowest absorber
height, which reaches 13.3 MJ per kilogram CO; absorbed for 18.2% CO; concentration. Reboiler
duties which correspond to CO, concentration of 18.3%, 17.7%, and 14.8% at 5 m absorber are 11.1,
12.8, and 12.3 MJ kg CO,, respectively. Therefore, the reboiler requires relatively high energy to

help the generation of the MEA solvent at the lowest absorber height. This happens because, once the
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packing height becomes lower, less amount of flue gas can be reacted in the absorber, which results in
per unit of CO, absorbed needs more regeneration heat.

When the absorber height rises from 5 m to 10 m, heat duty swiftly drops to 4 MJ kg* CO,, then
reboiler duty has a slight drop based on different CO, concentration. If the column is as high as 35 m,
reboiler duty can be decreased to around 3.3 MJ kg* CO,. It is indicated that when packing height is
above 10 m, it has a low influence on reboiler duty. This is because the solvent mass rate used here is
defined and is sufficient to react with CO; in the flue gas. The increment rates of capture rate and flue
gas rate with the rise of absorber height after 10 m are close. So the reboiler duty is used only to heat
the solvent and reverse the absorption, and is almost irrelevant to the contact area in the column. As it
can be seen, except for the first point at 5 m height, the influence of CO, concentration on reboiler

duty can also be ignored. It is demonstrated that reboiler duty mostly depends on solvent flow rate.
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Figure 5.13: Specific reboiler duty at different CO, concentration vs. height of absorber (D:13 m).

5.4.3 Energy required for MEA regeneration and CO2 compression

Energy requirement of MEA-based CO, capture system mainly consists of MEA regeneration
heat and electricity for CO, compression. Figure 5.14 and 5.15 presents results of regeneration heat
and compression energy, respectively. Four columns in the figure are associated with four reducing
agents applied in the BF and also four CO; concentrations. The calculation of energy is based on a

system that has 90% capture rate and 24 m absorber height. Regeneration heat that can be calculated
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by multiplying reboiler duty and quantity of CO, absorbed. Total compression electricity is the sum of
specific net work required by seven compressors.

Results show that the heat requirement for solvent regeneration and electricity for compression
depend on the CO; source. In the Figure 5.14, it is found that the regeneration heats are quite close if
CO- emissions are from BF processes that only use fossil-based reducing agents. Also the maximum
regeneration heat is needed when BF only injects coke as reducing agent. Although reboiler duty of
flue gas with 17.7% CO; concentration is slightly higher than that of 18.3% CO, concentration, the
regeneration heat consumption could be improved by 5%. The main reason is that using biomass-
based reducing agent in BF reduces CO; concentration of flue gas, resulting in decreased amount of
CO-, captured by system. When BF operates with bio-oil, regeneration heat can be greatly reduced by
27.6% to 192.5 MW. Similarly for compression electricity, BF operation with fossil-based reducing
agents discharges high CO, concentration flue gas, therefore, higher electricity is required for
pressurising CO,. A slight reduction of electricity consumption is found as the result of injection
charcoal into BF, which is improved by 4.5% in comparison with BF process that only injects coke.
Compression power can also be considerably reduced by using bio-oil in the BF due to the impact of
CO concentration of flue gas. Accordingly, bio-oil has the main advantage to improve energy

consumption of MEA regeneration and CO, compression.
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Figure 5.14: Energy required in the reboiler for MEA regeneration at four CO; initial concentrations.
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Figure 5.15: Power required for CO, compression at four different CO; initial concentrations.

5.4.4 Effects of ORC integration with CO2 capture on energy saving and CO: reduction

The proposed ORC system recycles waste heat from hot stove flue gas to generate power for CO-
compression and provide thermal energy for MEA regeneration. In this section, net work and
condensation heat that can be generated by using ORC are analysed. Evaporating temperature
predominates the inlet temperature of expander, thereby determining the power output. Compared
with evaporating temperature, the temperature of heat source should exceed some range of values.
Based on a heat stream at 250 °C, the highest temperature at which the refrigerant can evaporate is
210 °C and a 5 °C superheated temperature is assumed. Figure 5.16 shows the changes of net work
output and power efficiency with respect to the evaporation temperature of fluid. Black line shows
results of net work output corresponding to the left y-axis, and red line represents power efficiency
which is labelled on the right y-axis.

It is observed that net work output and power efficiency increase linearly with evaporating
temperature. Power output can be increased by 4.5 times from 0.3 MW to 1.72 MW when the
evaporating temperature is raised by 50 °C. The linear mode of power output is because higher
expander inlet temperature could drive more power output. Waste heat from exhaust gas provides
sufficient quantity of heat for evaporation of working fluid. Power efficiency by using ORC ranges
from 0.018 to 0.091, which is improved by up to 4.2 times with 50 °C increase of evaporating
temperature. Although the power efficiency of ORC is lower than the conventional power generation
system, such as the CDQ system which has been applied in the base case with energy efficiency of

26.7%, ORC has high potential to recycle low grade waste heat.
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Figure 5.16: Net work output and power efficiency of ORC system vs. different evaporation

temperature

The power output at the highest evaporating temperature, i.e., 1.72 MW is utilised to supply a
portion of CO2 compression electricity. Figure 5.17 shows the constitute ratios of electricity
utilisation for CO, compression and the comparison is still based on four scenarios. As mentioned
above, electricity demands of pressurising CO. which is originally from four types of flue gas are
27.01 MW, 26.92 MW, 25.81 MW, 19.45 MW, respectively corresponding to only coke, PC with
coke, charcoal, bio-oil injections into the BF. This demonstrates that actual consumption of
compression electricity is considerably large and far outweighs the power that can be supplied by
ORC. It can be seen from figure that the percentage of ORC electricity accounts for up to 9% of the
total electricity consumption. And this only happens when bio-oil is injected into BF as auxiliary
reducing agent. The rest of electricity expensed by CO, compression would be supplied through
traditional fossil-based power plants which cause large amount of CO, emissions. Since electricity
generated by ORC has performance of negative CO, emissions, further analysis is to evaluate effects
of CO, reductions by ORC on total CO, emissions of whole site.

The results of CO, emissions from power plants using different fossil fuel feedstocks are given in
Figure 5.18. Fossil fuels of conventional power plants are chosen as natural gas, coal, and oil, which
are similarly applied in Section 3.6.2 for evaluating CO- reduction benefits of CDQ and COG cooling.

The CO; emissions factors of natural gas, coal, and oil when they are generating power are 0.4116,
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1.1172, and 1.3409 MT CO; eq TWh! respectively, and the values are taken from reference [228]. It
is assumed that generating capacity of power plant equals to power output from ORC. Therefore,
when this quantity of electricity has been replaced by ORC, relevant CO, emissions due to fossil fuel
power generation would be neutralised. CO; reductions are 6.2 kt, 16.8 kt, and 20.2 kt for natural gas,
coal, and oil power plants, respectively. Annual CO, emissions of iron and steel industry range from
2611 kt to 5622 kt with the change of reducing agents in the BF. In comparison, CO; reductions
contributed by ORC power generation only account for a small share of total CO, emissions, which

are less than 1%. It is necessary to further consider thermal energy provided by ORC.
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Figure 5.17: Distribution of electricity utilisation for CO, compression at four scenarios
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As calculated in Figure 5.14, MEA-based CO, capture system encounters a large amount of
energy consumption for MEA regeneration. The maximum thermal energy demand could be 267.7
MW when BF completely uses coke as reducing agent. The steam to provide thermal energy is
generally extracted from steam turbine cycle combined with fossil-based power plants. As same as
power generation, these fuels are coal, natural gas, and oil, and associated CO, emissions factors refer
to UK government GHG conversion factors report are shown in Table 5.11 [271]. The calculation
results of CO, emissions from steam generation and related percentages in total CO, emissions are
shown in Figure 5.19. It is obvious that the steam generation in which coal is combusted contributes
to the highest CO, emissions, meanwhile the amount of CO, emissions accounts for the largest share

of total emissions from iron and steel industry when using PC with coke as reducing agents.

Table 5.11: CO, emissions factors of steam generation by different fuels [271].

Fuel Coal Natural gas Oil
CO, emissions factor

(kg CO, KWh-) 0.33 0.18 0.27
1200 20%
= N Natural gas
=< A— .
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Figure 5.19: CO; remissions reduction and reduction percentage when using ORC for providing MEA

regeneration heat.

After integrating CO; capture with ORC system, MEA regeneration is considered using ORC

condensation heat. Temperature of outlet cooling water of condenser is raised to 150 °C by saturated

working fluid, and the mass flow rate of cooling stream is 575 kg s*. High temperature and high flow
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rate heat source can fully satisfy the energy requirement for MEA regeneration, which means ORC
application reduces CO> emissions from steam plants where same quantity of steam is generated. The
highest CO; reduction achieved by ORC is 774 kt and this amount of CO;, accounts for 13.8% of the
total emissions when BF is operated with only coke. It is demonstrated that the effects of ORC used
for providing thermal energy are more significant than ORC used for generating power on energy
saving and CO; emissions.

To summarise effects of CO, capture and ORC on energy consumption and CO; emissions of
integrated iron and steel plant, SEC and CO; reduction percentage are given in Table 5.12 and Figure
5.20, respectively. The results of SEC demonstrate that assembling CO2 capture would increase final
energy consumption around 2.0 GJ £ ge steer dU€ to large amounts of energy demand from MEA
regeneration and CO, compression. After substituting regeneration heat and partial compression
power by using ORC, SEC can be maximumly reduced by 9%. Although final SEC of improved
system is slightly higher than that of system without advances, CO, emissions of basic system have
been dramatically reduced as shown in Figure 5.20. The results show that 69% CO- emissions can be
reduced when CO; capture and ORC are introduced into BF that uses PC and coke as reducing agents.
CO; capture achieves highly carbon reduction ranging from 44% to 53%. Installation of ORC can
further remove total CO, emissions from 13% to 16%. It is worth noting that energy consumption still
remains a concern for carbon capture, which reveals the importance of renewable and low carbon

energy development.

Table 5.12: Specific energy consumption of whole iron and steel sites after combining BF ironmaking

with CO, capture and ORC.

BF with PC and

SEC (GJ t5mude steel BF with coke coke BF with charcoal ~ BF with bio-oil
Without CO; capture 18.4 175 17.8 17.7
With CO; capture 20.4 19.5 19.7 19.1

With CO; capture

and ORC 18.6 17.7 18.0 17.8
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Figure 5.20: CO; reduction percentage of total sites when combining ORC with CO, capture.

5.4.5 Direct and indirect CO2 emissions reduction

Energy saving and decarbonised technologies mentioned above are implemented to the basic
study system in Chapter 3. The basic case is a plant with integrated iron and steel production lines, of
which reducing agent in the BF ironmaking process is PC with coke. Specific CO; emissions and total
CO. emissions of base case are 1.06 t £-2 4e stee; @Nd 4995 kt. The energy saving and decarbonised
technologies applied in the plant bring about two types of CO, emissions reduction, i.e., direct and
indirect reductions. Literally, direct CO; reduction is the reduction occurs on-site, and it directly
reduces the amount of CO, emissions. Indirect CO, reduction is a consequence of activities that
happen outside the plant boundary, such as electricity generated from fossil-based power plant is
substituted by power from CDQ, then CO; emissions due to power generation has been indirectly
reduced. Table 5.13 lists results of direct and indirect CO, emissions reduction of base case after
implementing decarbonised technologies.

The improvements that have effects of indirect CO, emissions reduction consist of recovering
waste heat through CDQ, COG cooling, and ORC. The main functions of these technologies are
energy generation, meanwhile output energy can replace electricity or thermal energy from traditional
fossil-based power and heat plants. Indirect CO; reductions are much less than direct reduction.
Injection biomass as auxiliary reducing agent into BF and CO, capture are two primary technologies
that directly reduce CO, emissions. As it can be seen, when bio-syngas is used for Fe,Os reduction,

54% CO, emissions can be reduced. After separating 90% CO, from flue gas by using MEA-based
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CO, capture, CO; emissions of basic case have been reduced by around 80%. Individual decarbonised

technology may not have significant possibility to reduce CO, emissions, nevertheless, the

combination of various technologies could create great potential of CO, mitigation.

Table 5.13: Direct and indirect CO2 emissions reduction of base case.

. . Reduction . Reduction . Reduction
Inrcll(;leﬁigrc])z Reduction percentage Reduction percentage Reduction percentage
Oil Coal Natural gas
By using CDQ 280.5 kt 5.6% 233.7 kt 4.7% 86.1 kt 1.7%
By using COG 228.6 kt 4.6% 190.5 kt 3.8% 70.2 kt 1.4%
cooling
By using ORC 653.2 kt 13.1% 790.8 kt 15.8% 428.2 kt 8.6%
. Charcoal Bio-oil Bio-syngas (H./CO 1.6)
Direct CO; - - -
- . Reduction . Reduction . Reduction
reduction Reduction percentage Reduction percentage Reduction percentage
By using biomass 122.2 kt 2.5% 822.5 kt 16.5% 2695.9 kt 54.0%
By 8;5?3;02 25517kt 51.1% 19162kt  38.4% \
. - Reduction . Reduction . Reduction
Emiaslsg(r?; Emissions percentage Emissions percentage Emissions percentage
1021.7 kt 79.5% 956.8 kt 80.8% 999.6 kt 80.0%
Final specific CO _ _ _
empissions 2 022t 'tcrlude steel 020t 'tcrlude steel 021t 'tcrlude steel
5.5 Summary

In this chapter, both CO; capture and waste heat recovery technologies are adopted to further
reduce CO; emissions and improve energy consumption of iron and steel plant. MEA-based CO;
capture and ORC are two technologies that are implemented. The principle and configuration of
MEA-based capture are summarised in the chapter. An overall biomass-based BF process combined
with CO- capture and ORC is proposed. Details of parameters used in each unit are given. Process
simulations are accomplished by Aspen Plus.

Simulation results show that capture rate lies in the solvent flow rate, CO, concentration, and
column height. Absorber height and solvent flow rate are two main factors that control the rich
loading. And reboiler duty mostly depends on MEA solution flow rate. In comparison with different
reducing agents injected into BF, bio-oil has the most advantage to improve energy consumption of
CO, capture system. As a result, the lowest energy for MEA regeneration and CO, compressions will
be consumed for CO; capture because bio-oil has significantly lowed the CO, concentration of BFG.

An ORC unit with around 1.7 MW is installed for recovering waste heat from hot stove flue gas.

Electricity and thermal energy generated by ORC system have ability to indirectly reduce CO
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emissions. ORC used for providing thermal energy rather than generating power presents more
apparent effect on energy saving and CO, emissions. Although final SEC of improved system is
slightly higher than that of system without advances, CO, emissions of basic system can be reduced
by up to 69% when CO; capture and ORC are introduced into ironmaking process. Finally, direct and
indirect CO2 emissions reductions are summed up. The combination of various decarbonised

technologies creates great opportunity to reduce CO, emissions.
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Chapter 6
Exergy analysis and optimisation of an

Integrated iron and steel plant

Biomass-based substitution, CO, capture, and ORC are implemented to the iron and steel plant
and analysed in the above chapters. All these energy conservation and decarbonised technologies are
considered in a single objective optimisation of mass or thermal utilisation. It is worth noting that the
integrated iron and steel plant is a complicated network of the units that mutually exchange energy
and material. Waste heat sources are distributed in different units with various energy grades when
considering the real situation of iron and steel industry. From a systematic level point of view,
strategies on a single unit would cause linked effects to other processes. A holistic assessment
approach is required to evaluate total site, thereby obtaining results of energy saving and CO;
emissions for an integrated iron and steel plant, as well as the potential for additional energy
efficiency improvement. In this chapter, potential for energy saving of iron and steel production is
measured by detailed exergy analysis at both unit and plant levels. An optimisation of whole
integration system is investigated in order to build an optimal mass-thermal iron and steel network.
The general guideline of optimised mass-thermal network in iron and steel industry is finally

summarised which may achieve an energy saving target from an overall perspective.

6.1 Mass and thermal network of iron and steel plant

6.1.1 Mass network of iron and steel plant

For a steelwork industry, there are various plants that have a variety of utilities with different
chemical and thermal processes where raw materials turn into product. Those processes build up a
complex manufacturing system, i.e., interacted mass and thermal energy network. Large amount of
parameters and interactions exist within the network, which are the basic units of the entire system
[227]. Typical mass network of iron and steel industry is composed of multiple primary energy saving

technologies which are applied to each unit. The goal of mass network is to achieve continuous and
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compact production to reduce energy consumption and demands [272]. Although these technologies
are relatively independent in each process, the implementation of one technology may affect the
operation potential of another. For example, the recycling by-product gases implies that there is less
flue gas for in-plant use. Substituting coke with biomass-based reducing agent in BF reduces coke
production in the coking plant, resulting in fewer coal feedstock. Although higher electricity produced
from waste heat expanders could indirectly reduce CO, emissions generated from traditional power
plants, higher feedings are required for large amount of waste heat, causing more direct CO;
emissions. Therefore, various process constrains should be included rather than only considering one-
way objective in an individual process when establishing the mass network.

Figure 6.1 shows main inputs and outputs structure of potential mass network in iron and steel
industry. The possible primary energy optimisation technologies are considered in this network. Black
arrows indicate input and output flows of each process, and blue arrows show the connections
between different components. Black dotted rectangles inside each production frame represent
primary energy saving technologies applied in this system. As summarised in Section 2.2, typical
energy saving technologies are listed in the figure for each process, which are installed to improve
energy efficiency of system itself. The BF process is the core part that connects upstream and
downstream in the iron and steel plant. Improvement of BF operation not only upgrades iron making
process, but also has far-reaching effects on the supply chains and product ports. An optimal mass

network of iron and steel plant can achieve multi-objective optimisation.
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Figure 6.1: Main inputs and outputs in mass network [273].

6.1.2 Thermal network of iron and steel plant

To avoid difficulties for the efficient use with regard to the demands of heating, cooling, power
in a specific industrial zone, the secondary energy conversion technologies should be selected in
terms of heat sources and heat sinks. Thermal energy storage and energy transportation technologies
are indispensable to establish a bridge between sources and ends. The commonly used heat storage
technologies for steelwork are sensible heat storage such as stones and steel slags as storage material,
and steam accumulator for high temperature heat. The accumulator matches steady steam production
from boilers to the short discharge needs of the vacuum processes, which could be used to balance
supply and demand of waste heat [274]. For medium and low temperature heat, hot water tank is
mainly adopted as an efficient tool [275]. Temperature losses through heat exchangers will be reduced
if high quality water is used for circulation. For low temperature waste heat, underground thermal
energy storage could be used and supply potentially a high heat capacity at a low cost [276]. Except
for these commonly used storage technologies, other heat storage technologies would also be good

candidates in the future. Chemical energy storage e.g. CaO can be adopted for high temperature heat
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storage while phase change materials (PCM) e.g. inorganic salt can be utilised for middle and low
temperature heat, which could be combined with the above conventional sensible energy storage
technologies [277, 278]. Energy transportation technologies are generally interdependent on energy
storage methods. Conventional technologies aim at moving the heat transfer fluid to the other
locations with a good insulation material. But heat loss significantly increases with the increase of
transmission distance and time. Compared with these methods, some novel transportation methods are
prospective, for example, absorption liquid transportation [279, 280], adsorption solid transportation
[281, 282], chemical reactant [283] and mobilised PCM [284, 285].

Schematic diagram of the possible low grade heat thermal network applications is shown in
Figure 6.2 [286]. Heat streams are all corresponded to various applications based on their temperature.
Except for energy storage and transportation, cascading technologies for power and heat/refrigeration
cogeneration/tri-generation are most common ways to improve the heat source utilisation, which have
been gradually applied in iron and steel plant and power plant [287]. A basic mass-thermal network
could be composed of multiple sets of cascading heat flow lines in iron and steel plant by using heat
storage and transportation technologies. The defined network should be further optimised in industrial

zones based on reasonable optimisation methods, which will be elaborated in following subsection.
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Figure 6.2: Schematic diagram of the possible low grade heat thermal network applications [286].
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6.2 Methods used to optimise the mass-thermal network

6.2.1 Summary of common methods

The general system optimisation methods have been performed in iron and steel industry to
avoid sub-optimisation and to deliver energy and material efficiency. The conventional optimisation
methods include exergy analysis, pinch analysis and mathematical programming. Exergy analysis is a
suitable tool for problems that involve different types of materials and transformations [288]. It is
useful when comparing two different production routes and potential resource savings for the same
output, for example, crude steel produced from BOF and EAF [289]. The exergy efficiency is used to
evaluate the industry performance, which can better identify exergy losses along the production chain.
Enhanced exergy, exergy economic and exergy environmental analyses are extensions of the
conventional exergy analysis [290]. These methods can be used to assess the overall efficiency of
whole processes in the network after optimised by the energy saving technologies.

Pinch analysis is a common methodology to minimise energy consumption by optimising heat
recovery systems, energy supply methods and process operating conditions [291]. The method allows
the calculation of a theoretical maximum level for heat recovery. With more streams available in the
consideration of thermal network, more heat can theoretically be recovered in an integrated steel plant
[84]. It uses the input data to produce hot and cold composite curves. The maximum potential for heat
recovery and a theoretical target for integrated recovery can be revealed from the curves, which will
be limited by the complexity of the network of heat exchangers required in practice [84].

Since the network structure is unknown and must be optimally exchanged resources between the
plants, this requires the use of mathematical programming methods to formulate a network that
includes all the potential mass and energy connections [292]. Through mathematical programming,
the optimisation can be defined by a set of equations, the equality/inequality constraints, and an
objective function. Various mathematical models for the optimisation of whole process system have
been established by analysing different optimisation objectives. For example, an ontology-based
approach for Eco-industrial park (EIP) knowledge management is proposed as shown in Figure 6.3
[293]. EIP energy system ontology can be treated as a domain ontology which treats all things in EIP
belonging to resource, technology and role. The relationships between each one of them are defined in
the domain ontology. A dynamic mixed integer linear programming model for multi-period

optimisation of by-product gases is used to optimise distribution of gases in the integrated iron and
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steel plant [294]. The proposed model simultaneously optimises the by-product gases distribution,
cogeneration system as well as iron and steel making system. The combination of linear programming
and nonlinear programming methods and “e-p” analysis is applied to obtain the optimal burdening
proportions and operating parameters in BF process [273]. On the basis of industrial metabolism
concept, a model is used to analyse the energy flows by using genetic algorithm. The model provides
a concise framework, which can be adopted to examine the energy flows, especially focusing on the
recovery and utilisation of secondary energy [295]. All of the optimisation models mentioned above
could be put forward based on the material and energy flow which focus on saving energy and

reducing emissions for iron and steel industry.
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| ResourceBySource

| ResourceByProduct

Resource

| ResourceByCharacteristics
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Owl:Thing |————| Technology

Role = \ SolutionProvider |
| ResourceConsumer |

Figure 6.3: Schematic diagrams of domain ontology for EIP energy system [293].

6.2.2 Guideline of optimisation

Among all the related methods, the basic guideline for mass-thermal network optimisation aims
to target the maximum energy saving potentials and to develop economically optimal networks
connecting recoverable utilities and utility systems, which is generally composed of five steps [296].
The first step is data acquisition. This step is to find out all the plants and processes in the industry,
and the number of plant and utility, temperature and pressure of each utility, hot and cold steams, the
distance for heat transportation and so on. The second step is to determine all the energy sources and

sinks to indicate the energy improvement potentials. Many specialised simulation software tools
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(Aspen Plus™ and GateCycle™) will be used at this step, which provides clear operating process and
detailed data for plant integration. The third step is to establish a link between the origin and other
different utilities which may include new recoverable utilities. Then the fourth step is to determine the
maximum potential. The final step is to design optimal energy recovery and reuse networks.
Following the five-step optimisation guideline, it can be seen that the first four steps have been
finished in Chapter 3-5. Figure 6.4 shows framework of optimisation where every step has associated
with specific chapter. In Chapter 3, general data and information of iron and steel plant are collected.
Detailed routes of each utility are also collated, which are prepared for process simulation in Aspen
Plus as step 2. The first and the second steps are all performed based on the iron and steel production
chain which is shown as blue dotted frame in the figure. Simulation results show that BF ironmaking
process has the highest energy consumption and CO, emissions, which makes BF process the most
recoverable utility that is needed at the step 3. Linkages among BF process and biomass substitution
and CO; capture are built in Chapter 4 and 5, respectively. Three processes are included in the
boundary that is shown as the purple dotted lines for step 3. The maximum energy saving and CO;
emissions reduction could be obtained by injecting biomass-syngas into BF. Thus the fourth step
narrows down the analysis range that only covers BF iron making process. As for integration of CO
capture and ORC with different BF cases, the value of variables would have contrasting effects on the
objective results. Thus the optimal integration system, i.e., the optimal mass-thermal iron and steel
network, is to be analysed at the step 5. Exergy method is chosen as the optimisation method because
the integrated system first needs a holistic approach to analyse potentials of energy saving and CO;

emissions reduction. The fifth step encompasses the range of integration system.
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Figure 6.4: Framework of optimising mass-thermal iron and steel network.

6.3 Exergy analysis

6.3.1 Exergy calculation
Exergy is used to define the maximum work that can be extracted from a system or a chemical
when it reversibly transforms from a specific condition to the reference environment. The temperature
and pressure of reference environment in this study are respectively set as 25 °C and 1bar. Unlike the
first law of thermodynamics, exergy takes its basis in the second law of thermodynamics, which states
that every reaction has an unavoidable destroyed portion. And the loss is described in exergy
destruction which is in proportion to the entropy creation of system. The exergy destruction could be
shown as equation 6.1:
EXgestroyea = ToSgen (6.1)
The exergy destruction is a value always higher than zero. The specific exergy of a stream is
composed of physical and chemical exergy, while the kinetic, potential, nuclear, electrical and
magnetic energy are neglected to calculate values of exergy due to their insignificant effects [297]. In

other words, capacity of thermal energy and chemical energy to do physical work are described as
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physical exergy and chemical exergy, respectively. Physical exergy is calculated using equation 6.2:

Expp = h—hy —To(s — sp) (6.2)
where h and s denote specific enthalpy and entropy of component, while hy and so are enthalpy and
entropy at the reference environment.

For the calculation of the chemical exergy, chemical composition in the reference environment
needs to defined. Because iron and steel production processes have complicated materials that are
input and output to the process, the standard chemical exergy of these materials under reference
environment are used to represent the chemical equilibrium conditions. The chemical exergy is
usually calculated as equation 6.3:

Exc, = Y 0, Exfh + AG, (6.3)
where ¢; is the mole fraction of the ith element in the reference system, Exfg is the standard chemical
exergy of the ith element, and AGy ; is formation Gibbs energy.

For the chemical exergy of mixture of ideal gases, it turns into equation of 6.4:

Exc, = X 9;Ex{y + RT, X ¢;lnx; (6.4)
where R is ideal gas constant. This equation reflects chemical exergy of gases results from their
concentration in the atmosphere. Standard chemical exergy of element and reference substances used
in the calculation are obtained from reference [298], and detailed values are listed in the Appendix B.

Chemical exergy of fuels is calculated by using a coefficient introduced from Szargut et al [298].
The coefficient f is a factor of exergy converted to LHV of fuel, which is expressed as equation 6.5.
For most fuels, the factor is around one and an empirical equation 6.6 is provided for the

hydrocarbons in the form of C,HgN,Os, where a, B, y, and 3 are the number of atoms [299].

— Exfuel
LHV (6.5)
B d Y B
f =1.041+ 0.1728& + 0.0432 p + 0.2169&(1 — 2.062 &) (6.6)

As for a system that only transfers thermal energy to do physical work, exergy of heat is defined

as equation 6.7:

. Ty
Expear = Q(1 — ?)
(6.7)

where Q is the heat flow rate of the stream, and To and T are temperature of reference state and heat
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source, respectively.

6.3.2 Exergy balance

As shown in Figure 6.4, the study takes all the iron and steel production processes with energy
saving and decarbonised technologies as an integrated system for optimisation. Exergy flow exists
among every operation unit and exergy balance of the ith process can be expressed as equations 6.8

and 6.9:

D i = ) o o + 69
: To P : L . ;

Q (1 - ?) + Zlmin,iexch,in =W+ Zlmout,iexch,out +1 (6.9)
where [ is irreversibility rate of the process and can be calculated as same as exergy destruction, ex;,
and éx,,,; are inlet and outlet flow exergies.

The exergy streams among iron and steel production processes not only transfer thermal energy,
but also have interaction of chemical substances. Exergy balance of these processes are set up based
on the mass network, which can be seen in Figure 6.5. Input exergy of single unit includes chemical
exergy of feedstocks and thermal exergy used to drive the chemical reactions. Exergy flows of output
contain exergy of product and exergy of waste. Exergy loss inside each unit mainly results from the
irreversible transfer of heat.

Two fractionating columns are predominant components in the model of MEA-based CO; capture
system. The changes of chemical exergy are taken into account for two columns, as well as thermal
exergy. Thus exergy balances for absorber and stripper can also be obtained from equation 6.9.

With regard to stream that has no change of chemical components from inlet to outlet, exergy of
stream only considers physical exergy. A large amount of heat exchangers, pumps, and expanders in
the model of CO, capture and waste heat recovery technologies, i.e., CDQ, COG cooling, and ORC

have no reaction of chemicals. For pumps that need work input, exergy balance is shown as:

i i
D i+ W = g€ + 1 (6.10)
1 1

Equation 6.11 indicates the exergy balance for expanders which could generate electricity:

i i
D i €ini = D o Xones + W+ 1 (6.11)
1 1

And for heat exchangers that only have heat transfers, exergy balance is simply described as:
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Figure 6.5: Exergy balance for iron and steel production processes.

6.3.3 Exergy efficiency

(6.12)

Exergy analysis is also applied to each process to evaluate efficiency. Exergy efficiency is

normally defined as the ratio of the useful exergy output to the input of exergy, as shown in equation

6.12. However, various scenarios would cause different definitions of useful output. For example, in

the case of only injecting coke into BF as reducing agent, the exergy of slag and exergy of exhaust are

regarded as exergy losses. Comparably, in the case that is combined with CO, capture and ORC, CO;

and waste heat from exhaust gas are recycled for subsequent use, which turns discarded exergy into

valuable output. Based on this reason, exergy efficiency is an explicit index to evaluate improvement

effects of energy saving and decarbonised measures on the production processes.

_ Exuseful _ 1-1
Nex = 7

Exm Exl-n
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Exergy efficiency of the pumps, expanders are obtained from equations 6.13-6.14. For heat
exchangers that have no phase changes during heat transfer, the exergy efficiency can be described as
equation 6.15. Conversely, for the situation that a phase change occurs when heat flow and cold flow
undergo heat exchange, the exergy efficiency is decided by equation 6.16, which is the ratio of

thermal exergy from cold side to hot side heat exergy.

mine.xin - moute.xout
Nex,pu = W (6.13)
inpu

Wout,exp (6 14)
Min€Xin — Moyt€Xout

Nex,exp =

. T
mcCp,c(Tc,out - Tc,in —Tpln ’IL:COLI::)
Nex,nx = : (6.15)

Th,out

_thp,h(Th,out - Th,in - To In _)
Th,m

T
e -1

(6.16)
0 -7

nex,hx =

Exergy efficiency of four production units in iron and steel plant are calculated under five BF
scenarios. Also energy efficiency of these systems are compared with results of exergy efficiency.
Exergy destruction and exergy efficiency of component of the waste heat recycle and CO; capture
cycle are obtained from above equations, which are used to evaluate improvement potential of energy
saving and decarbonised technologies. All these exergy analyses are conducted based on the results

from simulation.

6.4 Results of exergy analysis and discussions

6.4.1 Comparison of energy flow and exergy flow based on different scenarios
Exergy efficiency of four production units in the iron and steel plant are calculated under five BF
scenarios, and they are also in comparison with energy efficiency of each unit as shown in Figure 6.6.
Five sub-figures represent cases that use coke, PC with coke, charcoal, bio-oil, and bio-syngas in the
BF. Two types of columns are respectively energy efficiency in orange, and exergy efficiency in green.
The main difference of two indexes is the definition of useful output. The energy efficiency is the
ratio of product energy to the input energy that involves all the feedstock. According to simulation

results from Aspen Plus, energy efficiency also can express block efficiency which is designed by
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software operating system. Energy efficiencies of sinter and steel making process are 0.64 and 0.71,
and remain unchanged with various reducing agents in BF. This is mainly because that change of
reducing agent only influences coke rate that is corresponding to coking process rather than sinter and
steelmaking. BF ironmaking process has the lowest energy efficiency among four units, and the
process only uses coke has the least efficient energy consumption. The highest coke rate in the BF
would lead to the most CO; discharge, thus increasing invalid energy conversion during the process.

Exergy efficiencies of sinter and steel making process are 0.65 and 0.69, and remain the same of
five scenarios. The only variable, i.e., reducing agent has also no effect on exergy efficiencies of
sinter and steel making. The most exergy efficient unit takes place in the coking process, which are
mainly associated with CDQ and COG cooling. Waste heat recovery technologies turn the underused
energy into useful energy, to a large extent, have improved exergy efficiency of coking process. It
could be found that when reducing agent in the BF varies from coke to bio-syngas, exergy efficiency
of BF can be apparently improved from 0.44 to 0.81. This is due to the injection of bio-syngas into BF
reduces CO, emissions and increases useful exergy output.

Because reducing agents have no impact on efficiencies of sinter and steelmaking, mass ratio is
chosen as variable to investigate influence on thermal performance. Mass ratio is defined as the ratio
of input iron ore/pig iron to that of base case. When mass ratio is 1, input iron ore has the same
amount as the basic case. Iron ore is the primary feedstock of sinter process where sinter product will
be further transported to BF process. Sinter charging determines the production of hot metal.
Condensed hot metal becoming pig iron has a great influence on the final crude steel yield. As a result,
input quantities of iron ore and pig iron are interdependent. The benchmark of charging rate is iron
input of base case, then iron ore and pig iron charging rates would fluctuate 75%. In other words, the
charging of iron ore and pig iron are increased or decreased by 0-75%. Input of iron ore ranges from

398.3 kg 151, to 2782.8 kg t53, and pig iron charging increases from 250 kg t53; to 1500 Kg 5.
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Figure 6.6: Energy and exergy efficiencies of iron and steel plant when BF operates with

different reducing agents: (a) only coke, (b) PC with coke, (c) Charcoal, (d) Bio-oil, (e) Bio-syngas.

Figures 6.7 demonstrates energy and exergy efficiencies trends of sinter process with the change
of iron ore mass rate. Both energy and exergy efficiencies rise with more iron ore input to the sinter.
Energy efficiency of sinter plant increases from 0.35 to 0.73 and has been improved by 113%. In
comparison with that, exergy efficiency gently increases from 0.51 to 0.68, and is increased by 33.6%.
Especially when the iron ore input is 1.25 times of original iron input, energy efficiency starts to be
higher than exergy efficiency. Outlet streams of sinter process consist of exhaust gas and sinter. The
calculation of exergy efficiency only considers sinter as useful exergy output. Therefore, with the
increment of iron ore input, useful energy output exceeds the useful exergy output, resulting in higher

energy efficiency.
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Figure 6.7: Energy and exergy efficiencies of sinter process when iron ore charging ratio of

sinter process ranges from 0.25 to 1.75.

Figure 6.8 indicates energy and exergy efficiencies of BOF steelmaking process in terms of
different mass ratios. It is evident that energy efficiency increases from 0.39 to 0.71 when the mass
ratio increases from 0.25 to 1, and then drops rapidly to 0.62 after mass rate of 1. Because the energy
required in the BOF is mostly generated from reaction between pig iron and oxygen, pig iron as the
only variable, there is no sufficient oxygen reacted with pig iron when the amount of iron feedstock is
higher than that of basic case. Additional iron feedstock has no adequate reaction with oxygen,
resulting in decreased energy efficiency of steelmaking process. Different with energy efficiency,
exergy efficiency increases continuously when mass ratio varies from 0.25 to 1.5. The exergy
efficiency has been improved by 38.5% from 0.55 to 0.76. Despite the increased pig iron would not
have reaction in the BOF, it still discharges from furnace as the useful output, as a result, exergy
efficiency keeps increasing. It is demonstrated that for sinter and BOF processes, the amount of iron-

bearing charging, i.e., iron ore and pig iron acts as a dominant role in energy and exergy efficiencies.
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Figure 6.8: Energy and exergy efficiencies of steelmaking process when pig iron charging ratio

of steelmaking process ranges from 0.25 to 1.5.

6.4.2 Exergy results of waste heat recovery technologies

Three waste heat recovery technologies i.e., ORC, CDQ and COG cooling have been deployed
for BF ironmaking and coking processes. From Table 6.1, we can find results of exergy efficiency
before and after integrating these technologies with ironmaking and coking processes. Five situations
of reducing agents in BF are analysed. Based on the findings, the exergy efficiency of BF is generally
lower than the coking process. After integrating with ORC, exergy efficiencies of BF at all the
scenarios are improved due to recycled physical exergy from hot stove exhaust gas. Using bio-syngas
with coke as reducing agents has the maximum improvement, and the exergy efficiency is improved
by 2% to 83.3%. From the vertical perspective, the injection of bio-syngas has considerably improved
exergy efficiency from 43.7% to 81.3% after integration with ORC.

After applying CDQ and COG cooling, exergy efficiencies of coking process are also increased.
Coking process would have the maximum exergy efficiency after injecting bio-oil into BF and
recycling waste heat from CDQ. Utilising bio-oil in the BF reduces coke rate, correspondingly, input
coal in the coking process is decreased. Higher exergy efficiency results from decreased inefficient
exergy from coking products. COG cooling also has the ability to improve the exergy efficiency,
which averagely increase the efficiency by 2%. The highest exergy efficiency after implementing
COG cooling also occurs at case of bio-oil. This is mainly because the effect of bio-oil on reducing

coke rate. In comparison, substituting fossil fuel with biomass-based reducing agents in BF has higher
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potential to improve exergy efficiency than waste heat recovery technologies.

Table 6.1: Exergy efficiencies before and after deployment of waste heat recovery technologies.

Reducing agents in Exergy efficiency of Exergy efficiency of Exergy efficiency of

BF BF after ORC coking after CDQ coking after COG cooling
Before After Before After Before After
Only coke 43.7% 44.6% 86.2% 92.1% 86.2% 88.2%
PC with coke 63.1% 63.9% 87.9% 93.8% 87.9% 89.9%
Charcoal with coke 57.9% 58.7% 92.1% 98.0% 92.1% 94.1%
Bio-oil with coke 63.8% 64.7% 93.5% 99.2% 93.5% 95.4%
Bio-syngas with coke 81.3% 83.3% 91.4% 97.2% 91.4% 93.3%

To further investigate waste heat recovery technologies, exergy efficiencies of ORC, CDQ and
COG are compared with energy efficiencies, and the results are shown in Table 6.2. Based on the
equations mentioned before, energy efficiencies of these systems represent the ratio of net work
output to the input heat, while exergy efficiencies use input heat exergy. It could be found that all the
exergy efficiencies are higher than energy efficiencies. This is due to exergy of heat is determined by
the ratio of reference temperature to the heat flow temperature, which the ratio is usually lower than 1.
Thus heat exergy of the ORC, CDQ, and COG cooling are smaller than their energy efficiencies. In
the horizontal comparison among three technologies, both energy and exergy efficiencies of ORC are
smaller than CDQ and COG cooling. It reveals that the efficiency of ORC to transfer thermal into
work is lower than traditional steam turbine system, however, ORC has achieved better effect on

recycling low grade waste heat.

Table 6.2: Energy and exergy efficiencies of waste heat recovery technologies.

Wiaste heat recovery technologies ORC CDQ CO_G
cooling

Energy efficiency 9.1% 26.7% 32.8%

Exergy efficiency 19.0% 34.5% 42.3%

Table 6.3 lists exergy efficiency of each utility in the structure of waste heat recovery
technologies. Each utility has been examined from the aspects of input exergy, output exergy and
exergy efficiency. This calculation aims to find the specific utility that has potential to improve in the
whole waste heat recovery system. Pump has the lowest exergy efficiency among all the ORC
components. Further measures to reduce exergy destruction of pump are considered as replacing

electric pump with thermal driven pump, etc. Condenser of ORC has the highest exergy efficiency,
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because outlet temperature of cooling flow needs to be higher than the temperature of MEA
regeneration, i.e., 120 °C. Condenser has higher exergy efficiency with the higher outlet temperature
of condenser. Based on this result, it is reasonable that CDQ and COG cooling have the lowest exergy
efficiencies of condenser, because the outlet temperature of condenser is close to the reference
temperature. A large amount of heat from heat source has been lost rather than heating up the cooling
water from condenser, causing the lowest exergy efficiency. Thus following improvement of CDQ
and COG cooling focuses on effective utilisation of waste heat from cooling water. Additional, both
steam drums of CDQ and COG cooling systems have the highest exergy efficiency. This is
demonstrated that water in the evaporators achieves nearly completed evaporation, and only a very

small liquids are discharged by the steam drum.

Table 6.3: Exergy analysis of single component in the waste heat recovery systems.

ORC EXin (KW) EXout (KW) Exergy efficiency
Preheater 1451.80 1333.24 91.8%
Evaporator 6265.93 5637.34 90.0%
Superheater 209.88 190.57 90.8%
Regenerator 1223.94 1180.80 96.5%
Condenser 5152.49 5084.77 98.7%
Expander 2091.95 1720.15 82.2%
Pump 65.68 49.79 75.8%

CDQ EXin (KW) EXout (KW) Exergy efficiency
Coking chamber 151880.65 68386.68 45.0%
Compressor 249.04 202.34 81.2%
Economiser 10277.60 6945.80 67.6%
Evaporator 52552.43 31746.29 60.4%
Superheater 1 6581.41 4929.08 74.9%
Superheater 2 6028.56 4127.79 68.5%
Steam drum 40914.65 40914.65 100.0%
Turbine 1 29105.60 23061.83 79.2%
Turbine 2 7243.12 5526.20 76.3%
Condenser 2995.40 805.16 26.9%
Feed 62.87 29.16 46.4%
Pump 1 6.41 4.90 76.5%
Deaerator 2127.13 1957.70 92.0%
Pump 2 300.02 239.07 79.7%

COG cooling Exin (KW) EXout (KW) Exergy efficiency
Evaporator 1 131038.73 41085.42 31.4%
Evaporator 2 45628.94 28097.42 61.6%
Superheater 10637.29 7705.87 72.4%
Steam drum 34168.01 33348.79 97.6%
Turbine 1 23723.45 18797.29 79.2%
Turbine 2 5903.74 4504.30 76.3%

Condenser 2441.49 198.47 8.1%

Feed 51.25 23.77 46.4%
Pump 1 5.22 4.00 76.5%
Pump 2 244.54 194.87 79.7%
Deaerator 2127.13 1957.70 92.0%
Economiser 16529.95 5685.78 34.4%
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Figures 6.9-6.11 present exergy destruction contribution of each utility in the three waste heat
recovery systems. ORC application with BF operation has total exergy destruction of 1265 kW. Total
exergy destruction of CDQ and COG cooling are 121448 kW and 130896 kW, respectively. In the
ORC system, even though evaporator has an exergy efficiency of 90%, it still has the highest exergy
destruction which accounts to 49.7% of the total exergy destruction. And the largest portions of
exergy destruction in the CDQ and COG cooling systems belong to coking chamber and evaporator,
respectively. The exergy efficiencies of these two utilities are also not the lowest. Therefore, the
magnitude of exergy destruction is related to the amount of exergy, and barely has relationship with
exergy efficiency. The portions that contribute exergy destruction lower than 0.1% to the CDQ system
are compressor (0.038%), pump 2 (0.05%), feed (0.028%), and pump 1 (0.001%), respectively.
Similarly, pump 2, pump 1, and feed in the COG cooling system also have exergy efficiencies lower
than 0.1%, which are 0.038%, 0.001%, and 0.021%, respectively. The primary reason is that the

utilities have small amount of inlet and outlet exergy,
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[ ] Regenerator
[ ]Condenser
[ | Expander
] Pump

Figure 6.9: Exergy destruction distribution of each facility in the ORC system.
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Figure 6.10: Exergy destruction distribution of each facility in the CDQ system.

153



0.021%

I Evaporator 1
[ Evaporator 2
[ Superheater
[ steam drum
[ | Turbine 1
[ | Turbine 2
I Condenser
I Feed

[ Pump 1
I Pump 2
Il Dcacrator

68.721% I Economiser

13.393%

Figure 6.11: Exergy destruction distribution of each facility in the COG cooling system.

6.4.3 Exergy results of MEA-based CO: capture

In this section, the exergy analysis is carried out for MEA-based CO; capture system which
removes CO, from BFG. The sources of BFG are BF processes with reducing agents including coke,
PC, charcoal, and bio-oil. Based on the definition of exergy efficiency, captured CO, could be the
useful exergy output from BF process. The exergy efficiency of BF process combined with CO;
capture is determined by capture rate. Figure 6.12 depicts the change of BF exergy efficiency when
capture rate ranges from 50% to 90%. In theory, increased capture rate should lead to the increment of
exergy efficiency. As shown in the figure, the exergy efficiency rises of BF operating with coke, PC
with coke, and charcoal are inapparent, of which the increase rates are 1.4%, 1%, 1.5%, respectively.
In comparison, exergy efficiency is increased by 11.5% when BF is injected bio-oil as auxiliary
reducing agent. The variations of exergy efficiency demonstrates that useful exergy output of BF
using bio-oil is the highest, whereas exergy of captured CO2 only accounts for a small share of exergy

output as coke, PC, charcoal injected into BF.
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Figure 6.12: Exergy efficiency of BF process at different CO; capture rates.

Table 6.4 lists exergy efficiency results of each component in the CO, capture system, and has a
comparison in BF processes with four different reducing agents. It could be found that the majority of
components has no change of exergy efficiency with the variation of reducing agent. Especially the
deaerator2 proceeds with zero exergy lost and has exergy efficiency of 100%, followed by pump2,
DCC, and lean rich heat exchanger of which the exergy efficiencies are higher than 90%. Washer of
the system has the lowest exergy efficiency which is lower than 10%. This is because that no phase
change occurs in the washer and temperature of input cooling source, i.e., water is close to the
reference temperature. Higher ratio of reference temperature to cooling temperature generates lower
cooling stream exergy output, therefore, exergy efficiency of washer is lower than the other
components. The result indicates that washer has the most improvement potential that is considered as
enhancing recycling of waste heat from lean flue gas. Exergy efficiencies of absorber and stripper are
around 38% and 54%, respectively. The values are lower than the general efficiencies of capture
system, which demonstrates that two columns also the dominated units of CO; capture system need to
be further improved by optimising transmission area between gas and liquid. Exergy efficiency of
pumpl in the system of BF using bio-oil is lower than other three systems. Pumpl is used to
pressurise rich loading. Lowest CO, concentration of flue gas from BF using bio-oil reduces effective

transfer of pump work, resulting in lower exergy efficiency.
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Table 6.4: Exergy analysis of single component in the MEA-based CO; capture systems.

Component _ Exergy efficiency o
Only coke PC with coke Charcoal Bio-oil

Blower 87.6% 87.6% 87.6% 87.6%
DCC 97.8% 97.8% 97.8% 97.8%
Absorber 38.1% 38.2% 38.1% 37.8%
Washer 7.9% 7.8% 7.9% 8.6%
Pumpl 75.7% 76.4% 72.2% 52.1%
Cooler 43.5% 43.3% 44.7% 52.7%
Lean rich heat exchanger 93.5% 93.5% 93.5% 93.5%
Pump2 99.7% 99.7% 99.7% 99.7%
Stripper 54.4% 54.3% 54.3% 54.6%
Deaeratorl 41.8% 41.8% 41.7% 41.1%
Reboiler 52.4% 52.4% 52.4% 52.4%
Condenser 24.2% 24.2% 24.2% 24.2%
Deaerator2 100.0% 100.0% 100.0% 100.0%

Figures 6.13 presents exergy destruction contribution of each component in the MEA-based CO;

capture system when flue gas is collected from different BF cases. Total exergy destruction of four BF

cases are 328272 kW (coke), 326707 kW (PC with coke), 316471 kW (charcoal), 252344 kW (bio-

oil). Because deaerator2 has 100% exergy efficiency, it is obvious that no exergy destruction from

deaerator2. The largest contribution of exergy destruction belongs to deaeratorl where lean solution

and steam are separated. The process is highly irreversible, so it has the maximum amount of exergy

destruction.

Exergy destruction of reboiler, absorber, and stripper also account for a large portion

which is higher than 10%. Similarly to the results that system integrated with waste heat recovery

technologies, exergy destruction has no evident relation with exergy efficiency.
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Figure 6.13: Exergy destruction distribution of each component in the MEA-based CO- capture

system at the cases of: (2) only coke, (b) PC with coke, (c) charcoal, (d) bio-oil as reducing agent.

6.4.4 Further improvement

Based upon the overall exergy analysis of integrated system, further improvement measures are
raised, which are described in the following:

() Current integration system covers full iron and steel production chain, injection of biomass-
based reducing agents, MEA-based CO- capture, and ORC system. Exergy analysis has been carried
out for the whole system, however, to accomplish high-quality integration, highly efficient use of
industrial waste heat by means of energy network utilisation is necessary, which includes heating,
power generation, cooling, and storage and transportation technologies. This study has utilised waste
heat from coke, COG, BFG, and blast stove exhaust. Temperature of these waste heat are in the range
of 180 °C to 1100 °C. As shown in the Table 3.3, there is still large number of waste heat from
cooling water and steel slag, which contain low temperature heat and high-grade heat, respectively.
Temperature of cooling water is lower than 100 °C, and it can be recovered by applications presented
in Figure 6.2. For high temperature heat contained in the steel slag, waste heat can be recycled for
chemical reforming reaction and gasification.

(b) The integrated system is further needed to find out more energy recovery potential by pinch
analysis to design a heat exchanger network. In addition, the multi-objective optimisation based on
mathematical programming will be considered in the future optimisation process. Multiple objectives
application and the extreme values of the operating parameters would be determined to make the
optimal target or other optimised parameters such as minimum CO; emissions and the lowest cost. A
set of mathematical models are necessary to be built for compensating the basic optimisation method

in some cases.

157



6.5 Summary

In this chapter, the concept of mass-thermal network in iron and steel plant is established. Mass
network consists of multiple primary energy saving technologies which are applied to each unit of
iron and steel industry. Thermal network links heat streams to various applicants based on their
temperature. Thus mass-thermal network of iron and steel industry builds up an interacted mass and
energy flows where primary and secondary energy saving technologies are implemented to optimise
energy use and reduce CO; emissions.

The general guideline i.e., 5-step method is summarised to optimise the mass-thermal network.
The guideline is built on the wide use of efficient sustainable technologies for iron and steel industry,
and it is considered as a method to achieve the objectives of the study. Corresponding contents of each
step are described in detail. The fifth step which optimises the whole integrated system is carried out
by using exergy analysis.

The results of exergy analysis show that reducing agent is the main factor of BF ironmaking and
coking processes. Injection of biomass-based syngas can maximumly increase the exergy efficiency
of ironmaking process. Sinter and BOF steelmaking processes are related with mass ratio of hot metal.
Usually, higher mass ratio improves exergy and energy efficiencies, whereas for BOF process of
which energy efficiency reaches the maximum when mass rate is 1. Eventually, exergy efficiency and
exergy destruction are used to investigate improvement potentials at technical level. Bio-syngas and
bio-oil have the largest improvement of exergy efficiency of after integration with ORC, and CDQ
and COG cooling, respectively. Pump of ORC system and condenser of CDQ and COG cooling need
to be further improved. As for MEA-based CO; capture system, washer, absorber, and stripper have
the most improvement potential. The results also demonstrate that exergy destruction has no evident

relation with exergy efficiency.
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Chapter 7

Conclusions and future work

This thesis presents a detailed simulation of a 4.7Mt annual steel slab capacity iron and steel plant.
Particular primary and secondary energy saving and decarbonised technologies have been applied to
iron and steel production process, which finally builds up an integrated iron and steel system, i.e., a
mass-thermal iron and steel network. Performance of energy saving and decarbonised technologies
have been discussed in the assigned chapter. An exergy analysis is given to the integrated system for
evaluating optimisation potential. This chapter will summarise results and contribution of thesis, and

also discuss future research.

7.1 Summary of results

In Chapter 2, a comprehensive literature review of primary and secondary energy saving and
decarbonised technologies of iron and steel industry are developed. The overarching energy
consumption in iron and steel industry is presented. Then primary and secondary energy technologies
are clearly reviewed and compared. It could be found that the primary energy technologies aim to
reduce the energy demands while the secondary energy technologies consider the conversion of
thermal energy. The research gap reveals that fuel substitution technologies and waste heat recovery
technologies have wide application prospects in iron and steel industry. Although these technologies
have been practiced in many iron and steel cases, the combination of two kinds of measures and an
overall optimisation of integrated system have rarely been studied.

Chapter 3 presents a simulation of 4.7 Mt steel capacity iron and steel plant in UK. Detailed
metallurgical routes of iron and steel production are described. Further energy saving and
decarbonised technologies are applied to this plant based on its fundamental conditions. A
comprehensive model of iron and steel production flows is built through the software Aspen Plus.
Energy consumption and CO; emissions are evaluated for basic iron and steel plant. Total energy

consumption and CO, emissions of whole production chain are 17.5 GJ and 1.06 t S} 4e steel »

respectively. The largest energy consumption is 13.04 GJ -t 1} 4esteer at iron making process,

159



meanwhile BF process emits the largest quantity of CO, of 0.5 t £ 4c steer. Waste heat from hot coke

and COG is transferred to form electricity. The renewable electricity could cover 40% of electricity
consumed in the plant if coking process has the maximum coke capacity, and it also can indirectly
reduce CO; emissions from oil, coal, natural gas power plants.

Chapter 4 optimises the energy use of BF first by substituting coke with biomass-based reducing
agents. Three possibilities of using charcoal, bio-oil, and bio-syngas are designed to explore the
potential of coke replacement and CO; emissions reduction. The model of cases is built and simulated
by Aspen Plus. The results show that charcoal, bio-oil, and bio-syngas can be utilised in the BF as
auxiliary reducers with a certain amount. Coke demand per ton of hot metal can be decreased and CO-
emissions are reduced when bio-reductants are injected into BF. An optimal coke replacement is
operated with 200 kg g3, bio-oil and 222 kg t53; coke. The reaction involving bio-syngas has the
most potential to reduce CO, emissions, and the favourable H,/CO ratio ranges from 1.6 to 1.3.
However, injection of biomass into BF has rarely influence on sintering and steelmaking.

In Chapter 5, both CO, capture and waste heat recovery technologies are adopted to reduce CO;
emissions and improve energy consumption of iron and steel plant. The principle and configuration of
MEA-based capture are summarised in the chapter. Process simulations are accomplished by Aspen
Plus. Simulation results determine proper absorber height and solvent flow rate for certain CO;
capture rate. In comparison with different reducing agents injected into BF, bio-oil has the most
advantage to improve energy consumption of CO; capture system. An ORC unit with around 1.7 MW
is installed for recovering waste heat from hot stove flue gas to provide electricity and thermal energy
required by CO; capture system. ORC aimed for providing thermal energy rather than generating
power presents more significant effect on energy saving and CO; emissions. CO, emissions from iron
and steel plant can be maximumly reduced by 69% when carbon capture and ORC deploy in the
ironmaking process. Finally, direct and indirect CO, emissions reductions are summed up. The
combination of various decarbonised technologies creates great opportunity to reduce CO, emissions.

The sixth chapter brings up a concept of mass-thermal network in iron and steel plant based on
the applied energy saving and decarbonised technologies mentioned in above chapters. Mass-thermal
network of iron and steel industry builds up an interacted mass and energy flows where primary and
secondary energy saving technologies are implemented to optimise energy use and reduce CO;

emissions. A five-step guideline is summarised to optimise the mass-thermal network. The guideline
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has been covered and achieved based on the whole contents of thesis. The fifth step which optimises
the whole integrated system is carried out by using exergy analysis. The results of exergy analysis
show that injection of biomass-based syngas can maximumly increase the exergy efficiency of
ironmaking process. Sinter and BOF steelmaking processes are related with mass ratio of hot metal.
Bio-syngas has the largest potential to improve exergy efficiency of system after integration with
ORC. For CDQ and COG cooling, bio-oil injection presents the considerable improvement potential.
Pump of ORC system and condenser of CDQ and COG cooling need to be further improved. Washer,

absorber, and stripper of MEA-based CO; capture system have the least exergy efficiency.

7.2 Contributions of research

The contributions from research are listed in the following contents:

(@) The simulation of a full iron and steel plant is presented in this research. Sometimes the
information given by industry will not cover all the production parameters. The simulation of whole
plant can supplement mass and energy flows and corresponding information. It can also provide a
basic platform where further energy saving and decarbonised technologies could practice.

(b) A combination of biomass-based reducing agents with BF is designed. The simulation model
can contribute fundamental structure of biomass application in the BF ironmaking process. It is
feasible to use model to adjust parameter selection for realistic operation.

(c) Specific design of MEA-based CO, capture with ORC is presented, which provides the
possibility of combination of CO, capture and ORC technologies in the iron and steel plant. The
utilisation of waste heat recovery technologies can indirectly reduce CO; emissions from traditional
fossil-based power plant.

(d) A general five-step optimisation guideline is developed for mass-thermal iron and steel
network. The guideline can be generally applied in the similar industrial network, thus obtaining the

maximum energy saving and economically optimal network that connecting recoverable utilities.

7.3 Future work

There are still several fields that need to be further investigated on the basis of current research
results, which are shown as below.

(a) Heat integration and multi-objective optimisation
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The integrated system is further needed to find out more energy recovery potential by a heat
exchanger network which is designed by pinch analysis. In addition, the multi-objective optimisation
based on mathematical programming needs to be considered in the future optimisation process.
Multiple objectives application and the extreme values of the operating parameters would be
determined to make the optimal target or other optimised parameters. A set of mathematical models
are necessary to be built for compensating the basic optimisation method in some cases.

(b) Hydrogen-based iron and steel production

H, content in the biomass-based syngas acts as the main function to reduce coke consumption
and CO; emissions. Thus is it necessary to investigate pure H; as reducing agent into BF ironmaking
process and evaluate corresponding performance. H; can also be used in the iron and steel production
in other ways, such as the iron-based chemical looping process. H; production, storage and
transportation are essential links of all processes. Dynamic model is also needed for further
production improvement.

(c) Novel carbon utilisation and conversion technologies

CO; captured from iron and steel industry can be further used in some promising
biotechnological conversions. One of the emerging ways is to store partial CO; in the biomass which
can be gasified into methane. Methane can produce H; throughout steam methane reforming. Another
pathway is to combine biowaste and CO; into novel bioplastic or chemical manufacturing, which
aims to develop an energy-efficient, environmentally, and economically conversion of CO; to high
added value chemicals.

(d) Life cycle assessment and techno-economic analysis of carbon capture and utilisation.

Further study also needs to concentrate on environmental impacts and stakeholders’ benefits
when design a new carbon ustilisation pathway or product. Life cycle assessment and techno-
economic analysis are used to evaluate the whole value chain development, and then to identify

possible pinch points for sustainable and cost-effective carbon capture and utilisation solutions.
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Appendix A

Process design of absorber and stripper

Equations of designing columns refers to the literature [265]. The superficial velocity of the gas is
the dominant factor to calculate column diameter, which is related to a parameter called flooding
velocity and densities of gas and liquid streams as equation A.1:

P1— Pg
Pg

Us = Uflood (Al)

where p, and p; are densities of gas and liquid streams, wus,,4 is operating flooding velocity of

absorber and stripper. The flooding velocity is estimated as equation A.2:

CP

U= ——r
FpO.SVO.OS

(A2)

where F,, is the packing factor, v is the kinematic viscosity of liquid, CP is the capacity factor which is

a function of the flow parameter FP that depends on the ratio of the gas flow rate to liquid flow rate,

Gasy, |pg
FP=—— |— A.3
Lign, / Py (A3)

where Gas,, and Liq,, are mass flow rates of gas and liquid streams entering packed columns.

as shown:

The packed height of columns is calculated by summating height of packed stages in the columns,

i.e., for a column with N number of stages, the heights for absorber and stripper are shown as:

N
Hype = Z HETP, (A3)
n=1
N-1
Hy = Z HETP, (A4)
n=2

where HETP, is the height equivalent to a theoretical plate for the nth stage in a packed column. The

equation used to calculate HETP is given as:
In,
HETPn = m(HTUg'n + /‘lnHTUl'n) (A5)
n

where HTU and A,, are height of transfer unit for streams and the stripping factor for the nth stage,
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respectively. They can be described in detail as below:

u S

HTU,, = —2
kg,nae,n

Ups
HTU,,, = ——
kl,nae,n

m,Gas,

" Ligy

(A6)

(A7)

(A8)

where u, ; and u; s are superficial velocities for the gas and liquid streams, k,, and k;,, are mass

transfer coefficients for the gas and liquid streams, and a,,, is the effective interfacial area per unit

volume of the nth packed stage.
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Appendix B

Chemical exergies of the elements for

reference substances

The values of standard chemical exergy of reference substances are calculated prior to the
calculation of standard chemical exergy of other considered elements. Reference substances could

appear as gaseous substances, solid species, and ionic and molecular substances. The chemical exergy

of reference substances and element are from [298].

Table A.1 Chemical exergies of elements and related reference substances

Element Chemical element exergy kJ mol?  Reference species  Chemical exergy kJ mol*

C 410.3 CO; 19.9
H 236.1 (Ha, g) H,0 95
N 0.72 N, 0.72
o) 3.97 0, 3.97
Al 796.1 AlLSiOs 3.83
Ca 731.4 CaCOs 18.61
cl 124.03 (Clz, ) cr -69.04
Fe 376.99 Fe.0s 17.75
S 607.05 SO 129.21
Mg 629.37 MgsSisO 21.45
Mn 496.42 MnO; 35.2
Si 854.1 SiO, 1.37

The chemical exergies of other substances are calculated by using chemical exergy of elements.

Table A.2 lists chemical exergy of these substances.

Table A.2 Chemical exergies of other substances

Components Chemical exergy kJ mol*
Al203 15.96
CaO 128.94
CHjs (gas) 831.66
CoH,4 1358.49
CO (gas) 274.99
FesC 1559.22
FeO 127.34
F6304 127.39
HCI 35.75
H2S 815.31
H.SO4 160.53
MgO 61.532
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NO
NO,
NHs

(NH2)2S04
SO,
SOs

89.02
55.83
337.85
657.59
310.41
126.33
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