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Executive summary

ydrogen has the potential to decarbonise steel manufacturing—a process that currently

occupies the lion’s share (35 per cent) of the greenhouse gas (GHG) emissions from
India’s manufacturing sector. Hydrogen-based steel has received global attention across
several industry collaborations and partnerships. A joint venture founded by Swedish
companies SSAB, Luossavaara-Kiirunavaara Aktiebolag (LKAB), and Vattenfall initiated the
Hydrogen Breakthrough Ironmaking Technology (HYBRIT) project to achieve 100 per cent
fossil-free steelmaking by 2035 (HYBRIT 2017). At the same time, Voestalpine, an Austrian
steel company, in partnership with Siemens and VERBUND, has installed a 6 MW electrolyser
in their steelmaking plant at Linz (H2Future 2019a).



Greening Steel: Moving to Clean Steelmaking Using Hydrogen and Renewable Energy

Here, we evaluate the feasibility of green hydrogen-based steelmaking (hydrogen-based
direct reduced iron (H-DRI) + electric arc furnace (EAF)) in India by providing insights

into the techno-economics and associated environmental benefits. Figure ES1 shows the
cost break-up of an optimised green steel plant configuration at various locations in India.
Depending on the renewable energy (RE) mix, the levelised cost of steel (LCOS) in 2020 varies
between 612 and 929 USD/TCS - currently 50-127 per cent higher than the average cost of
the conventional blast furnace-basic oxygen furnace (BF-BOF) process. The variation in cost
is primarily due to renewable intermittency, which increases as the renewable profiles shift
away from a wind-solar hybrid (WSH) towards either solar- or wind-only profiles. The wind
profiles in Bellary exhibit strong seasonal variability. Hence, a larger buffer of hydrogen
storage is required to ensure continuous operation during the low generation months.

WSH locations have the lowest levelised cost of steel (LCOS) in 2020

1100 + r 50%
Indicates price decrease .
10007 929 due to the selling of oxygen | 45%
900 - - and excess power - 407
& 8001 701 673 669  35%
N W Ea s “ P
u - (]
2 600 604 - - 639 615 614 [ 550, 2
2 { B 570 1
g *“am W ’
§ 400 - | e oo — || L g
15% w
300 4 B
200 ~ | 10%
100 4 L 5%
0 0%
Wind Solar WSH WSH Solar Solar Solar Solar
Bellary Kutch, Angul, Bokaro, Bhilai, Nizamabad,
Gujarat Odisha Jharkhand Chhatisgarh Telangana
pVv Wind Battery Electrolyser
Fuel cell [ Shaft furnace+EAF [l H, Storage Iron ore
B Raw material [l M&C Excess power

PV - Solar photovoltaic cost; M&C — Maintenance and operation costs; H, storage — Hydrogen storage cost
Source: Authors’ analysis

Similar oversizing of the system is observed in other locations. However, the magnitude is
several times lower when compared to a wind-only operation. The oversized system also
produces excess electricity. Figure ES1 indicates that the excess electricity is approximately 45
per cent of the total electricity produced for wind-only operation, whereas for other locations,
the excess electricity ranges between 21 to 26 per cent. If additional revenues from the sale

of electricity (at levelised cost of electricity (LCOE) prices) and oxygen are considered, LCOS
ranges between 560-7611 USD/TCS. However, a challenge with selling the excess power is
that the excess solar and wind electricity are available only during peak solar and wind
availability periods. The excess power is significantly higher for the solar plant during the
daytime, with reduced generation during early afternoon or evening hours. Similarly, for

the wind plant, we see very high availability during the months of peak wind. During the
lean months, the excess power from the wind plant decreases significantly. Therefore, it is
important to ensure that the power evacuation infrastructure is ready and flexible enough to
support the large-scale deployment of hydrogen-based steelmaking.

0" 000"

In 2020, LCOS of
green steel is 612-
929 USD/TCS-50-
127% higher than
the BF-BOF process



Key findings

Access to both wind and solar resources is imperative for achieving
the lowest production cost

Figure ES2 illustrates the mid- and long-term production costs estimates for all RE mixes.
The estimates only consider revenues from selling oxygen. The results indicate that the green
hydrogen-based process requires a favourable RE mix to break even with the conventional
production process. Availability of wind and solar resources is a prerequisite to minimise the
renewable intermittency cost and reduce the production cost by 8 to 13 per cent in the near
to medium term. In 2050, with an aggressive decline in electrolyser and storage costs, the
intermittency costs also reduce. Hence, the cost differential between these locations further
reduces to 4 to 7 per cent.

In 2040, only the WSH locations (Bellary and Kutch) become competitive with the blast
furnace production costs. However, our estimates indicate that the solar-only locations can
break even with natural gas (NG)-based DRI costs (with NG price of $13.5/MMBtu) by 2040,
and with blast furnace costs, only in 2050.

750 -
i 685
700 NG at 13.5 USD/MMBtu 677 657 -
| Power at 3-7.6 INR/kWh
650
605
@ 600 94
e 560 >65 546
S 550 A 545
Q 506
2 500 < 477 479
2 465 467
Y 4504 425 422
R 388 389
400 366 - 381 382
350 4
Bellary, Kutch, Angul, Bokaro, Bhilai, Nizamabad,
Karnataka Gujarat Odisha Jharkhand  Chhattisgarh  Telangana
[ 2020 2030 [H 2040 [ 2050 NG-DRI + EAF BF-BOF

Develop robust grid infrastructure to support large-scale
deployment of green hydrogen-based steel production

A 0.5 million tonnes per annum (MTPA) production capacity in Bellary will require 1157 MW
of solar photovoltaic (PV) and 207 MW of wind capacity. Further, the oversized system will
also generate 580 GWh of excess electricity. The magnitude of excess electricity in a year is
equivalent to annual power generation from 277 MW PV and 35 MW wind plants. However,
the fact that the excess generation is available only during the peak hours of renewable
generation increases the challenge of absorbing this power in the grid. For the solar plant,
excess electricity is generated during the afternoon. Similarly, we see very high excess
generation for the wind plant during the months of peak wind generation. Therefore, as
green steel production scales up, it is important to ensure that the grid infrastructure is
flexible enough to maintain the future electricity demand-supply balance.

Executive summary
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I
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i

In 2040, only the
wind-solar hybrid
locations become
competitive with
the blast furnace
production costs

xiii

Figure ES2

WSH locations
break even with
NG-DRI by 2030,
and with blast
furnace costs by
2040

Source: Authors’ analysis



Xiv Greening Steel: Moving to Clean Steelmaking Using Hydrogen and Renewable Energy

Blending grey with green hydrogen and renewable power with grid
electricity will accelerate the transition to green hydrogen-based
steel production in India

An overnight transition to fossil-free steelmaking will be highly expensive. In 2030, the
lowest cost of producing green steel is still 22 per cent higher than the blast furnace process.
Renewable intermittency contributes to a significant share of the costs of fossil-free steel
production. Hence, the overall cost of production can be reduced by blending grey hydrogen
(flexibly produced from NG during periods of low renewables generation) with green
hydrogen and grid electricity with renewable power (for auxiliary electricity demand).

Blending grey hydrogen and grid power with renewable energy

significantly reduces costs with a marginal increase in emissions
footprint

Figure ES3 illustrates the optimal blend configuration for WSH operation and the associated
production cost for various CO, emissions targets. The figure also shows the high marginal
abatement cost of carbon emissions, especially when moving towards a 100 per cent green hydrogen
operation. We consider an NG price of 13.5 USD/MMBtu. We also consider a grid power cost of 7.6
INR/kWh and the time-of-day tariff currently imposed in Bellary, Karnataka.

Figure ES3 Transition pathways for blending green and grey hydrogen in steelmaking in Bellary, Karnataka

650 -
100% green steel

600 -
NG at 13.5 USD/MMBtu

Power at 7.6 INR/kWh Grid power at 7.6 INR/kWh

! |
,\/’.

550 -

500 - '\

450 -

94%

LCOS (USD/TCS)

60% 32%

400 -

350 A
NG at 13.5 USD/MMBtu

Power at 3 INR/kWh

300

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Carbon footprint (Tonnes CO,/TCS)

—o— 2020 2030 —e— 2040 —&— 2050 NG-DRI + EAF BF-BOF

Source: Authors’ analysis
Note: 1) The values in percentage indicate the share of green hydrogen. 2) The SMR unit is not needed in 2040 and 2050.

Table ES1 shows a summary of infrastructure and energy required for green steel production.

Table ES1 Infrastructure and resource requirement for green steel production

Land Water Electricity
Consumption intensity 30630 acres per MTPA 2.93 tonnes/TCS 5.3 MWh/TCS
To produce 111 MTPA of 3.4 million acres 325.3 MTPA 264 GW of solar
green steel (equivalent to . 's land . , dia’
India’s steel output in 2019) 7 per cent of Gujarat's lan 16 per cent of Gujarat's 59 per cent of India's 450
area annual supply GW target by 2030

Source: Authors’ analysis



In 2020, the emission footprint of steel can be reduced from 1.75 tonnes CO /TCS to 0.91
tonnes CO,/TCS just by co-locating the steel plant with a location having access to captive
wind and solar energy. In this scenario, RE is used to meet only the plant auxiliary demand
without producing any green hydrogen. The emission footprint of coal and natural gas-based
processes are 2.3-2.4 tonnes CO_/TCS and 1.3 tonnes CO /TCS. We see that in 2020, hydrogen-
based steelmaking just about breaks even with the upper range (442 USD/TCS) of blast
furnace cost for an emission footprint of 0.75 tonnes CO /TCS using 9 per cent green hydrogen
(on an annual basis) in the plant. The cost of steel obtained from the coal DRI + EAF process
is 300-451 USD/TCS. By 2030, hydrogen-based steelmaking becomes competitive (with an
LCOS of 424 USD/TCS), with an average blast furnace cost for an emission footprint of 0.41
tonnes CO_/TCS by using 60 per cent green hydrogen. Subsequently, when the costs across
the hydrogen value chain decrease to the 2040 and 2050 levels, the steel units can reduce
emissions without the need of a steam methane reforming (SMR) unit. In this scenario, the
emission constraint at minimum cost value (0.25 tonnes CO_/TCS) is met by using a blend of
grid electricity and RE to power the electrolyser.

Planning the future infrastructure for raw material and energy
transportation is critical for scaling up green hydrogen-based
capacities

The majority of the existing steel plants are currently located close to iron ore and coal mines.
However, most of these locations do not have access to favourable renewable resources. Our
analysis indicates that the three states in the east (Odisha, Chhattisgarh, and Jharkhand)
have no wind installations and only 1.8 per cent of India’s total solar installed capacity but
caters to 45% of national steel demand (PIB, 2019). For green hydrogen-based production,
these plants have the following options: a) transporting hydrogen and wheeling RE power

for meeting auxiliary load, b) wheel power from RE-rich areas (to produce hydrogen locally
and meet auxiliary power demand), and c) shift their production base to RE-rich areas and
transport iron ore instead.

Table ES2 shows the various transport cost scenarios for a steel plant located in Angul,

Odisha. The source of hydrogen or renewable power is Kutch, Gujarat. Across these scenarios,

the increase in steel production cost is the highest for liquid hydrogen transport. The Q eee
transportation costs for hydrogen using large-scale pipelines (~500 TPD) while wheeling RE sssnse )
power to meet auxiliary load or wheeling electricity alone to meet the entire plant power C
requirement using open access are comparable. However, we find out that transporting iron

ore through railways is the cheapest option.

Each of the three scenarios has several limitations associated with them. Setting up hydrogen a 00
pipelines is highly capital intensive and will require off-take guarantees well before the

project’s construction. Similarly, several policy barriers and price uncertainties are limiting Tr ansporting iron
the open-access volumes in the current electricity sector. While transporting iron ore is the ore from Angul to

cheapest option, the rail infrastructure in the country can constrain the annual capacity that
can be transported. Setting up steel plants within the RE-rich areas in the western part of the
country can also lead to a future increase in iron ore imports. Nevertheless, we expect the
price of green steel to roughly increase by 10-15 per cent due to the logistical challenges in and hudfﬂgen from
moving iron ore and renewable power/hydrogen. Kutch to Angul

Kutch is cheaper
than moving power



Sr.  Transport medium Sourced Delivered Transport tariff Consumption  Total

No. from to transport
costs (USD/ Green steel plants
TCS)* located near the
la H, (Liquid) + RE Kutch  Angul 2.57USD/kg H, 50 kg H,/TCS + 163 favourable RE
power (Open access) +1.65 INR/kWh 1.6 MWh/TCS locations will have
1b H,(Pipeline) + RE Kutch  Angul 120 USD/kgH, 50kgH,/TCS+ 95 the lowest logistics
power (Open access) +1.65 INR/kWh 1.6 MWh/TCS cost
2 RE power (Open Kutch Angul 1.65 INR/kWh 4.1 MWh/TCS 90 .
Source: Authors’ analysis
access)
3 Iron ore (Railways) Angul Kutch 41.2 USD/t-Ore 1.4 t-Ore/TCS 58

* Assuming USD to INR conversion of 75

Our study finds that hydrogen can be a promising candidate to decarbonise the growing
domestic steel industry. However, we see that a 100 per cent green hydrogen operation will
only become viable in the next two decades. We also find that access to favourable renewable
resources is critical towards achieving an early break-even. Producing green steel using only
solar resources (which is true for most locations in the country) will push back the break-
even period to 2050. We propose a faster way to incentivise the transition: blending green
hydrogen with conventional grey hydrogen (produced from SMR) and RE power with grid
power. The high renewables intermittency costs of 100 per cent fossil-free operation can be
significantly reduced by blending 7 per cent grey hydrogen while marginally increasing the
emissions footprint of the process. At today’s prices, blending ~9 per cent of green hydrogen
(with grey hydrogen) is competitive with the upper range of BF-BOF costs.

We also highlight the major challenges in transitioning to green hydrogen-based steel —
production. A green steel plant will need investments to the tune of USD 3 Billion per .
MTPA - more than three times the conventional BF-BOF route. With the thin research and

development (R&D), and innovations investments by steelmakers (less than 1 per cent of - —
their annual turnover), the transition may be extremely challenging. Further, converting

the current steelmaking capacity to green hydrogen-based production will require 264 GW

of solar capacity and annual water consumption representing ~16 per cent of the annual A green steel plant
water supply in the state of Gujarat. A detailed evaluation of raw-material and energy needs investments
(including hydrogen) delivery infrastructure will help identify the optimal locations of future of USD 3 Billion per
investments and evaluate the potential impact on jobs and revenues from shifting existing

supply chains. The recommendations of this study are aimed at strengthening the National MTPA — more than
Hydrogen Energy Mission and National Steel Policy, 2017 to support a transition to green three times the
hydrogen and make our steel industry Aatmanirbhar. BF-BOF route



Executive summary

Transition pathways for blending green and grey hydrogen in steelmaking

Designing a hydrogen direct reduced iron (H-DRI) Equivalent blast
and electric arc furnace (EAF) steel plant of 0.5 furnace - basic oxygen
million tonnes per annum (MTPA) capacity furnace (BF-BoF)

2020 pLoXx]o) 2040 BF-BoF

Green H, blend
in the process

Production cost
in USD per tonne
of crude steel

Emissions footprint
in tonnes CO, per
tonne of crude steel

Capital investments
in million USD (2020
prices)

Land footprint 5259 11553 15641 200

in acres

Solar capacity 143 320 439

in megawatts

Wind capacity
in megawatts

Electrolyser
capacity in

megawatts

Source: Authors’ analysis






1. Introduction

he iron and steel industries are significant economic contributors in India. The current
annual installed capacity of ~130 million tonnes (MT) (IBM 2018) can only support
a per capita steel consumption of ~70 kilograms compared with a global average of 224
kilograms (MoS 2019). Economists often use per-capita steel consumption as an indicator
of socioeconomic development and the income levels of a country. The National Steel Policy
2017 aims to bridge the gap by supporting additional investments to boost the domestic

production capacity to 300 MT by 2030 (MoS 2019). Whilst the policy promotes economic The steel sector
development, it does very little to incentivise investment in mitigating the additional accounted for
environmental effect from the over two-fold increase in production (capacity). 45% of total

The steel sector is the single largest energy consumer, roughly accounting for 45 per cent of industrial energy
total industrial consumption in 2016. The sector’s energy mix is dominated by coal and its consumption in
derivatives that cater to 9o per cent of the demand. Coal has a significantly higher emissions 2016

footprint, with the resultant emissions from the sector representing ~42 per cent of India’s
overall industrial greenhouse gas (GHG) emissions. Between 2010 and 2017, the share of
coal-based production increased from 73 per cent to 87 per cent, despite the presence of

coal, gas, and electricity-based production assets (Gupta et al. 2019). Limited availability of
domestic gas supply and high cost of imports are gradually pushing industries to rely on coal
instead. Thus, potentially offsetting the gains made through the programmatic pursuit of
energy efficiency. There is a need for a clear policy that looks beyond the incremental process
efficiency gains and aims for the deep decarbonisation of industrial energy use.






2. Technology pathways for decarbonising
steelmaking

he primary ironmaking process uses three reducing agents: carbon, hydrogen, and

electricity. Figure 1 shows the ternary diagram of technology pathways to decarbonise the
iron and steel sector. The objective of any clean processes will be to move away from carbon
towards hydrogen and/or electricity. In the past, conventional ironmaking in blast furnaces
relied heavily on coke (obtained from coking coal). However, blast furnaces moved from the
coke-only operation over the years and started co-injecting pulverised coal thereby, reducing
carbon emissions and operating costs. Upcoming technologies like HIsarna (Stel et al. 2018),
which can potentially reduce the carbon footprint of steel by at least 20 per cent (TSL 2020),
rely on a smelting process that produces pig iron from coal without consuming coke. The
rotary kiln (RK) process also produces direct reduced iron (DRI) from only coal (without
consuming coke).

A potential pathway for the steel industry to move away from coke/coal is by using two
reducing agents — carbon (monoxide) and hydrogen — with a progressively increasing share
of hydrogen. In this regard, technologies like coal gasification can be integrated with shaft
furnaces for producing sponge iron (Mittal 2020). In the transition away from coal, NG in shaft
furnaces is already a proven technology that can significantly reduce emissions from sponge
ironmaking. However, the ultimate goal of the transition away from fossil fuels would be to
produce steel using only hydrogen (obtained from renewable sources) as the reducing agent.

Carbon
Green hydrogen
Electrification offers the
Coke .
BE opportunity to
- indirectly electrif
CCus ' y : y
Coal the ironmaking
e process
q EAF
Plasma in BF Source: Pasquale (2019).
Syngas
Biomass
NG pre-reduction —
NG Electrolysis
H, pre-reduction
H, Electricity

Hydrogen H, by renewable electrolysis Electrons



The pathway from carbon to hydrogen can be made cleaner by using biomass and carbon
capture utilisation and storage (CCUS) technologies. Biomass can be used to mitigate

emissions by replacing coke and coal consumption in the existing sectors. Biomass-derived l s ﬁ
charcoal can substitute the coke used in blast furnaces (Wang et al. 2020). Similarly, biomass ‘K —=
can be directly used in an RK, HIsarna, or converted into syngas/hydrogen for shaft furnaces.

The emissions from existing processes can be mitigated by CCUS technologies that can

produce synthetic fuels (ArcelorMittal 2018) for use in various sectors of the economy. The Green hgdmgen
application of green hydrogen (produced from the electrolysis of water by using solar and offers the

wind power) for reducing iron ore provides an option to indirectly electrify the ironmaking opportunitg to
step. Other upcoming technologies like molten oxide electrolysis (MOE) (Boston Metal indi fECtlU electrifg

2021) and electrowinning (ArcelorMittal 2017) are based on direct electrolysis of iron ore to
yield iron. A challenge with the direct electrolysis routes is the low technology readiness
level (TRL). The ULCWIN pilot plant, based on electrowinning technology, is currently process
at TRL 4 and has produced only 4 kg of iron so far. The MOE technology has produced

more than 1 tonne of iron, and efforts are underway to demonstrate this technology on

a pilot scale (WorldSteel 2021). In the net-zero emissions scenario by 2050, the share of

hydrogen and direct electrolysis-based technologies is expected to be 29 per cent and 13

the ironmaking

per cent, respectively (IEA 2021). Nevertheless, until over-the-horizon technologies like
direct electrolysis are fully developed and commercialised, renewable hydrogen offers the
opportunity to indirectly electrify, and hence, significantly mitigate emissions from the
primary steelmaking sector.

Figure 2 shows the specific energy consumption (SEC) for producing iron
using blast furnaces, RK, NG, and hydrogen in shaft furnaces. The energy
consumption is split based on the nature of energy use: heat and power. While
the electricity use in the iron production stage can be made green by using
renewable power, the critical challenge is in replacing thermal energy obtained
from fossil fuels with RE.

The thermal SEC of blast furnace (including coke making and sintering units)
ranges from 17.6-23 GJ/tonne of hot metal (THM) with a global best available
technology (BAT) of 16.7 GJ/THM (Gupta 2014). The power consumption in

the blast furnaces and associated components is 356 kWh/THM (Fan and
Friedmann 2021). The thermal SEC of the RK process is estimated to be 23
GJ/T-DRI (Agrawal, Sahoo, and Mohanty 2015) with a global BAT of 18.8 GJ/T-
DRI (Gupta 2014). The RK process can also generate surplus power using kiln
off-gas. The typical power generation ranges from (-) 85 kwh/T-DRI (if no
captive generation) to 524 kWh/T-DRI (Worrell et al. 2008). The NG-based shaft
furnace consumes approximately 267 normal cubic metres of NG/T-DRI (Fan
and Friedmann 2021), which implies an SEC of 10.9 GJ/T-DRI. The typical power
consumption in a shaft furnace is 120 kWh/T-DRI (Chatterjee 2012). Notably,
with the use of NG, the SEC of DRI production decreases by more than 50 per
cent compared to the RK process. Note that the share of electricity use in coal
and NG-based processes is not significant.



Specific energy consumption (higher heating value) of the blast furnace,
rotary kiln, natural gas, and hydrogen-based sponge iron production processes
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Green hydrogen provides a unique opportunity to indirectly electrify the iron
production process by replacing coal and NG. The hydrogen consumption

in the shaft furnace ranges from 47-68 kg of H,/T-DRI (IEA 2020a). With a
conservative estimate of 53 kg of H,/T-DRI (Hélling and Gellert 2018) (HYBRIT
2017), the SEC of feedstock-related energy consumption is 7.5 GJ/T-DRI
(based on a higher heating value (HHV) of 142 M]/kg). Assuming an electricity
consumption of 50 kWh/kg of hydrogen in the electrolyser, the total primary
energy for the electrolytic production of H-DRI is 9.57 GJ/T-DRI. Besides the
electricity consumed for producing hydrogen, the hydrogen-based sponge
iron production consumes power for heating the iron ore and hydrogen to
the reaction temperature. Electricity is also needed to drive the endothermic
reaction for reducing iron ore to sponge iron. Hence, the power consumed

in the hydrogen-based processes is significantly higher than coal- and gas-
based technologies. Nevertheless, we see a declining trend for the thermal or
feedstock-related energy consumption in moving from coal to NG and from NG
to hydrogen. This shows the effect of using a more potent reducing agent —
hydrogen - for producing iron.






3. Process description

Figure 3 illustrates the process flow sheet of the model. The dotted lines indicate the flow
of power, whereas the solid lines indicate the material flow. The orange lines connect the
components (shown in the orange text box) used to manage the RE intermittencies, while the
blue lines indicate the material and power flows without any intermittencies. The material
and power flows are identified by numbers and alphabets, respectively. These identifiers are
used to highlight the material-energy and power balances in Annexure I and Annexure-II,
respectively.

The hydrogen-based steel plant consists of three major units: 1) the hydrogen production

and storage system, 2) the iron and steel production unit, and 3) the RE storage systems. The
hydrogen production plant consists of an alkaline electrolyser (AE) that produces hydrogen
(2) and oxygen (17) from fresh (1) and recycled water (16). In our analysis, we assume that the
electrolyser can ramp instantaneously and is capable of handling RE intermittencies. Studies
indicate that modern AEs now have the capacity to ramp up/down at a rate of +20 per cent per
second (IRENA 2018). For the AE, we consider a turndown (minimal load) ratio of 10 per cent.

Figure 3 Process flow diagram of green hydrogen-based steel production
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The hydrogen generated in the electrolyser (2) mixes with the unreacted hydrogen from the
shaft furnace (15). We also consider a scenario where grey/black hydrogen obtained from
steam methane reforming (SMR) or coal gasification is blended with hydrogen produced by
the electrolyser. If the total hydrogen availability exceeds the demand of the shaft furnace,
then the additional hydrogen is stored (3) in the hydrogen storage system. We consider that
hydrogen is stored in underground piped storage facilities (Ahluwalia et al. 2019 ). If the
hydrogen production from the electrolyser is less than the demand in the shaft furnace,
then the desired hydrogen is obtained (4) from the storage facility. The hydrogen from the
storage/electrolyser unit is fed (5) to a splitter that diverts it to a heat exchanger (6) and fuel
cell (FC) (7). The hydrogen is pre-heated (8) in the heat exchanger by utilising the heat from
the steam/hydrogen mixture coming from the shaft furnace. The preheated hydrogen is
then further heated to the shaft temperature in an electric heater (9). Based on the literature
(Vogl, Ahman, and Nilsson 2018), we consider that 62 per cent excess hydrogen (over the
stoichiometric demand) is fed to the shaft furnace to ensure complete reduction of iron ore.
We also account for hydrogen loss in the shaft furnace by considering 17 per cent additional
hydrogen (over the stoichiometric demand) consumption (H6lling and Gellert 2018). After the
reduction reaction, the unreacted hydrogen and steam mixture (12) is first used to pre-heat
the incoming hydrogen in a heat exchanger. The hydrogen/steam mixture (13) is then cooled
in a cooler to the ambient temperature, following which the hydrogen (15) is separated from
water (16) in a vapour-liquid separator (14).

The steel production unit consists of the shaft furnace and the electric arc furnace (EAF).

In the shaft furnace, as indicated in the equations in Annexure III, hydrogen (9) reacts with
the iron ore (10) to produce DRI (18) and hydrogen/steam mixture (12). The iron ore fines are
preheated from ambient temperature (10) to reaction temperature (11) in an electric heater
before introducing them in the shaft furnace. Based on the literature (IEA 2020a), we assume
that the shaft furnace has a flexibility of 20 per cent (ramping down to 8o per cent of the
design capacity), and can ramp up and down at the maximum rate of 10 per cent per hour of
the design capacity. Technology providers indicate that the shaft furnace can ramp down to
even 30 per cent of the design capacity (Midrex 2018). We assume that the furnace and EAF
units have a continuous operation (shaft furnace continuously feeding to the EAF with a tap-
to-tap time of 45-60 minutes). Besides the DRI obtained from the shaft furnace, the EAF also
consumes raw materials such as steel scrap (19), lime (20), carbon (21), and ferroalloys (22).
The outputs from the EAF unit are slag (23) and liquid steel (24). In this report, we model the
process of producing only crude steel (CS). However, in industry, CS is further processed in
secondary steelmaking to yield finished products, which has not been covered in this report.

We assume that the only renewable electricity from solar and wind energy is used to produce
green steel in the base case. The variable renewable energy (VRE) sources meet the power
requirement of the iron ore heater (b), shaft furnace (c), EAF unit (d), electrolyser (e), and
hydrogen heater (f). We do not consider any credits from the excess (or curtailed) power
generated by the system. However, credits from selling oxygen are considered in the analysis.
For the transition story, we also consider that the system can obtain energy from two sources:
grid power for meeting the plant auxiliary load and NG/coal gasification for providing grey/
black hydrogen to the shaft furnace.

To manage the RE intermittencies, we consider a proton-exchange membrane fuel cell
(PEMFC) unit and battery storage. Based on the relative cost, life, and efficiencies of these
systems, the model sizes the FC (including the associated components like a storage tank and
electrolyser) and the electrochemical storage. If renewable supplies exceed the total power



requirement of the system, then the excess power is stored in these energy storage systems. (00 ]
During times of low RE availability, the energy storage unit provides power to meet the

plant auxiliary load. In a real system, the energy storage units and the RE are connected to a < / > -
common bus bar. However, for the sake of explanation and readability, we indicate the power

from RE (in green) and from energy storage (in grey) separately.

The model has 59
constraints, 52
decision variables

The H-DRI + EAF route for steelmaking is modelled as a linear programme in Python. The
§ prog v and 107 parameters

model is developed to enable the variation of key inputs parameters, and to subsequently
analyse their impact on the cost of production of CS and the associated carbon footprint.
When provided with hourly RE (both solar and wind) availability profiles, the model
optimises the size of various components like solar and wind plant, battery storage,
electrolyser, hydrogen storage, and FC to produce the desired annual output of CS. The model
has 59 constraints, 52 decision variable and 107 parameters.

The model consists of various sub-models that are directly adopted from the literature.

The material-energy balance of the shaft furnace and the EAF are modelled based on
literature (Vogl, Ahman, and Nilsson 2018). To keep the model linear, only major chemical
reactions are considered. The reactions inside the EAF are neglected and replaced with a
linear mass and energy balance equation. Similarly, in the DRI production, the reduction
reaction is not considered to be equilibrium in nature. Instead, the reduction is modelled

as hematite reduces to free iron and wiistite (FeO). The ratio between free iron and wiistite
(FeO) formed during the reduction process depends on the degree of metallisation. For

the current analysis, a degree of metallisation of 0.92 has been assumed. This means that

the quantity of FeO is negligible compared to the free iron. Hence, the reaction enthalpies

for the hematite (FeZOB) reduction to FeO is neglected. The detailed chemical reactions are
provided in Annexure III. The operating temperatures have a direct implication on the energy
requirement in the reactions. The dynamics of the shaft furnace are not modelled. We assume
that the DRI operates in a steady state at 8oo °C.

The hydrogen production rate is considered a linear function of the power input to the

AE, notwithstanding the minor variation due to higher efficiency at part-load conditions.
This is a valid assumption, as observed in the literature (Ulleberg 2003; IRENA 2018), and
consistent with other studies (Mallapragada, et al. 2020; Nayak-Luke and Bafiares-Alcantara
2020). Similarly, we consider constant efficiency for the FC, implying that the power output
varies linearly with the hydrogen consumption (Santangeloa and Tartarini 2018). The heat
exchanger is modelled by considering the standard method for sizing the heat exchanger
(Yadav and Banerjee 2018). The solar and wind energy hourly power output profiles are
obtained from renewable ninja for 2019 (Pfenninger and Staffell 2016; Renewable Ninja 2020).
The model does not consider any material and energy losses in mixers, splitters, vapour-
liquid separators, and electrical bus bars to avoid complexity. In a practical case, there will
be water losses in the vapour-liquid separator, which has been separately considered to
estimate the water consumption in the plant. As discussed earlier, we also consider hydrogen
losses in the shaft furnace.

The cost of various components is computed by annualising the capital expenses (CAPEX) of
the components. The operating expenses comprise of the periodic maintenance cost of every
component as a percentage of CAPEX, cost of consumable resources (ore, scrap, lime, alloys,
graphite electrodes), electricity cost, and other variable costs. The by-products like oxygen
produced in the electrolyser and surplus electricity are the sources for additional revenue.



The objective of the model is to minimise the levelised cost of crude steel CS. While we

consider the credits from selling oxygen in the objective function, the possible benefits from ™k
the sale of surplus power are externally computed outside the model. T
As discussed earlier, the model has the flexibility to blend green hydrogen and renewable
electricity with grey hydrogen (hydrogen from NG and coal gasification) and grid power, A
respectively. We assume that the SMR and coal gasification units have 50 per cent flexibility ¢ e
(Rajesh et al. 2000) without any constraints on the ramping rate. For grid power, we also The model has the
consider the effect of the time-of-day tariff as an input to optimise the system configuration. o

flexibility to blend

The use of non-renewable sources of hydrogen and electricity have their respective CO,
emissions, which are used to estimate the carbon emissions from the plant. For the transition ~ 9réen hydrogen

story, based on the carbon emissions of grid power, SMR, and coal gasification units, the and renewable

model sizes the plant and computes the minimum cost for a given carbon constraint. electricity with
grey hydrogen
(hydrogen from
NG and coal

In the analysis, we consider four time horizons: 2020 (current), 2030 (medium-term), and o

2040 to 2050 (long-term). The costs of various components for the future years are obtained gasmcatlon)
based on the literature and learning rate effects (discussed in Annexure-1V). In the 2050-time and grid power,
horizon, the costs of all major components reach the lowest limit and efficiency/life reach the respectivelg
optimal values. Thus, the 2050 costs essentially indicate the lowest possible production cost

of green steel.

Table 1 lists the trends of the cost, efficiency, and operating life of key components across
the time horizons. The assumptions related to the specific material consumption and their
associated costs are listed in Annexure-IV. We make simplistic and conservative assumptions
regarding the life of components like electrolysers and fuel cells. For example, even though
we represent the life of these components in hours in the table, the model considers the

life in years by assuming that these components operate for 8760 hours in a year. Across

all cases, we consider fixed-tilt solar photovoltaic (PV) system inclined at an angle equal to
the latitude. We do not consider direct current oversizing of the PV system and its effect is
reflected in the capital cost of the solar plant. We validate our solar and wind levelised cost
of electricity (LCOE) with the tariffs discovered in the market (Shah et al. 2021). The costs

of the shaft furnace and the EAF units are obtained from the literature and validated with
industry consultation. In industrial applications, the shaft furnace cost is inclusive of the
gas reformer, which significantly contributes to the overall system cost. A shaft furnace that
uses only hydrogen as the reducing agent does not need the gas reforming unit. However, we
consider the prices available in the literature for our analysis in the absence of any accurate
estimates. The costs and life of other components are directly obtained from the literature.



Process description

Table 1 Cost, efficiency, and life of various components of the hydrogen-based direct

reduced ore + electric arc furnace plant

Capital cost Unit 2020 2030 2040 2050 Source
Capital cost assumptions
Solar PV USD/kW 405 317 281 165
Biswas, Yadav, and Guhan (2020)
Wind USD/kwW 848 642 534 534
AE USD/kwW 750 625 450 200 IRENA (2020); IEA (2019)
Power converter USD/kW-ac 60 60 60 60 Fu, Feldman, and Margolis (2018)
Ahluwalia et al. (2019); Schoenung (2011);
Hydrogen storage USD/kg 516 345 104 104
Von Colbe (2019)
Shaft furnace USD/tonne 228 228 228 228 |IEA (2010); Duarte (2004)
EAF USD/tonne 127 127 127 127 |IEA (2010); Steelonthenet (2021)
Battery (Power) USD/kw 600 380 320 280 Frazier and Will (2019)
Battery (Energy) USD/kWh 175 120 100 80 Frazier and Will (2019)
PEMFC USD/kw 1600 830 628 425 IEA (2015); IEA (2019)
Component life
Solar life Years 25 25 25 25 Chawla, Aggarwal, and Dutt (2020)
Wind life Years 25 25 25 25 Chawla, Aggarwal, and Dutt (2020)
AE stack life ‘000 hours 75 95 125 150 IEA (2019)
ﬁf'i ElEmER e R | 30 30 40 50 Buttler and Spliethoff (2018)
Hydrogen storage Years 30 30 30 30 Ahluwalia et al. (2019)
Battery storage Years 12.5 12.5 12.5 12.5 IRENA (2017)
PEMFC - Stack ‘000 hours 60 80 80 80 IEA (2015)
PEMFC - BoP Years 5 15 5 15 IEA (2015)
Performance parameters
AE efficiency %o 66.5 68 75 80 IEA (2019)
Battery round trip % 85 85 85 85 NREL (2019)
PEMFC % 43 54 56 57 IEA (2015)
Financial parameters
Discount rate %o 10 10 10 10 Authors' assumption

Source: Authors’ compilation
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4. Results

igure 4 shows the energy flow in the green steel plant that uses a WSH profile in Bellary,

Karnataka, for the year 2020. The graph has been normalised for an energy input of
100 units from the solar and wind systems based on the annual performance of the green
steel plant. Approximately 23 per cent of the power generated by the RE plants is surplus
or excess, and will be curtailed if not off taken by the grid. There are losses in the power
converter and in the batteries during the charging and discharging cycles. The AE has an
efficiency of 66.5 per cent, implying that 1/3 of the total power input is lost due to system
inefficiencies. Finally, based on the literature (H6lling and Gellert 2018), we assume that 17
per cent of the hydrogen input to the shaft furnace is lost due to various inefficiencies. Note
that the power input to the EAF unit is inclusive of energy input to the DRI and losses in the
furnace. However, we do not separately indicate a detailed breakup of energy flow in the EAF
unit in the current analysis. On a system level, we expect that 49 per cent of the total energy
generated by the plant is lost due to curtailment and component inefficiencies.

About 49 per cent of the total power produced by the RE system is lost

Alkaline Electrolyser Loss: 16

= Loss in Power Converter: 2

Source: Authors’ analysis

Figure 5 shows the variation in LCOS with solar, wind, and WSH profiles at Bellary,
Karnataka. The effect of locating the steel plant in different geographies with WSH potentials
like Kutch, Gujarat, and iron-ore rich regions with only solar potential like Angul in Odisha,
Bokaro in Jharkhand, and Bhilai in Chhattisgarh is also indicated. However, our data indicate
that these three states (Odisha, Jharkhand, and Chhattisgarh) do not have significant solar
capacity. Therefore, we also consider a representative case of Nizamabad, Telangana, with
substantial solar capacity located close to the steel hub on the east coast. We indicate the
LCOS for an islanded system that curtails any excess power generated by the RE plants for
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the base case. In the stacked chart, we also do not consider any credits obtained by selling
the by-product oxygen. These credits (obtained by selling oxygen and excess power) are
indicated separately in the graph with an inverted arrow.

The levelised cost of steel (LCOS) in 2020 ranges between 612 and 929 USD/TCS, depending on
the RE mix. The variation in cost is primarily due to renewable intermittency. It increases as
the renewable profiles shift away from a WSH towards either solar-only or wind-only profiles.
The wind profiles in Bellary indicate seasonal intermittencies. Hence, an additional buffer

of hydrogen storage is required to ensure continuous operation during the low generating
months. For certain months, when the available energy falls below the point needed for plant
operation, the FC kicks in. Of note is the hydrogen storage size, which is significantly higher
for the wind-based hydrogen production systems due to strong seasonality. The wind-based
steel plant generates more than 46 per cent excess electricity. Therefore, if this power is off-
taken at LCOE prices and the additional benefits due to the selling of oxygen are considered,
the cost of steel reduces to 761 USD/TCS.

In contrast to wind-based steel production, the impact of seasonality is mitigated with
solar-only profiles. Therefore, the hydrogen storage size decreases and there is a need for

a relatively small capacity FC. However, the battery size increases in solar-alone operation
to run the system at night. The magnitude of excess electricity decreases from 46 per cent
in wind-alone systems to 26 per cent in solar-only operation. For a WSH, the share of wind-
based electricity is 28 per cent in Bellary and 40 per cent in Kutch. This is because the wind
profile in Bellary has a significant seasonality that disincentives the build-up of large wind
capacities. Nevertheless, we expect the lowest production cost in Kutch, Gujarat, amongst
all locations considered in the analysis. Due to low solar availability and the absence of any
wind resources in iron ore-rich areas of Odisha, Jharkhand, and Chhattisgarh, the cost of
producing steel is significantly higher than Bellary and Kutch.

WSH locations have the lowest levelised cost of steel (LCOS) in 2020

(¢

The overall
efficiency of the
green steelmaking
process is less
than 51%

1100 - - 50%
Indicates price decrease
1000 1 929 due to the selling of oxygen - 45%
900 - - and excess power - 40%
800 - -
~ 35%
8 700+ 761 664 oo ~ 673 669 | ®
soo O, e M W WG W
u - [}
@ 600 604 - - 630 639 615 614 [ 259, 2
2 s00{ 370 560 . S
Al — - - — E— 20% &
§ 400 - i — | I I L7 e
| | 15% o
300~ -
200 A | 10%
100 A L 5%
0 0%
Wind Solar WSH WSH Solar Solar Solar Solar
Bellary Kutch, Angul, Bokaro, Bhilai, Nizamabad,
Guijarat Odisha Jharkhand Chhatisgarh Telangana

PV Wind Battery
[ Shaft furnace+EAF [l H, Storage
B Raw material [l M&C

Electrolyser
Fuel cell Iron ore
Excess power

Source: Authors’ analysis



By selling the oxygen obtained as a by-product during the electrolysis step, the LCOS
decreases by ~16 USD/TCS (except for wind-only operation in Bellary). This corresponds to
anominal 2.5 per cent decrease in the overall costs. Further reduction can be achieved if the
excess electricity is sold to the grid. For our analysis, we consider a case where the excess
electricity is sold at levelised costs. If the excess power is monetised, the steel costs further
reduce by 40-46 USD/TCS for solar, 34-35 USD/TCS for hybrid profiles, and 143 USD/TCS for
wind-only locations. This corresponds to a decrease of 6-15 per cent in the cost of green steel.

4.1 Long-term cost trajectories

Figure 6 illustrates the waterfall chart for the decrease in steel cost with the reduction in
capital costs of equipment and improvement in the process parameters. To indicate the price
of steel across various temporal scenarios, we consider the benefit of selling the by-product
oxygen but do not consider any perceived gains obtained by selling the excess electricity.
We group the cost decrease into three significant components for ease of representation:
renewable power, electrolyser, and storage. The cost decrease from electrolyser considers
the gains from reducing capital costs and increasing stack efficiency and life. Similarly, the
reduction in battery and hydrogen storage prices, and the increase in efficiency and life are
grouped under a single entity named storage.

We expect that between 2020 and 2030 (mid-term), the optimal cost of steel will decrease by
~98 USD/TCS. We see that the cost reduction is primarily due to a decrease in RE and storage
costs. We expect solar electricity prices to decrease from 30 USD/MWh in 2020 to 23 USD/
MWh in 2030. Similarly, wind power costs are expected to drop from 32 USD/MWh in 2020 to
25 USD/MWh in 2030. The electricity prices indicated above represent the levelised cost, and
do not consider any increase due to profits and taxes.
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A decrease in electrolyser CAPEX and its performance improvement can potentially decrease
the cost of production by ~18 USD/TCS during the period. Based on the industry estimates
and literature reviews, we assume that the CAPEX of the electrolyser will decrease from 750
USD/KW to 625 USD/KW. The electrolyser performance during the period is indicated by an
increase in efficiency (66.5 per cent to 68 per cent) and the operating life (75000 hours to
95000 hours).

Results
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Finally, the decrease in hydrogen storage, electrochemical storage, and FC reduces production
costs by 43 USD/TCS. These cost reductions consider the improvements in both efficiency and
life of these components, and the decrease in capital costs across significant plant components.
In the subsequent temporal scenarios, the impact of a decline in storage cost flattens out, and
cost reductions are achieved essentially due to the decrease in RE and electrolyser costs.

During the mid- (2030) to long-term (2040) period, the optimal cost of production is estimated
to further decrease by 82 USD/TCS. The LCOE of solar and wind power is expected to be ~20
USD/MWh. A significant share of the cost reduction is primarily driven by the improvements
in electrolyser performance, stack life, and costs. The long-term CAPEX cost, efficiency,

and life of electrolyser are assumed to be 450 USD/KW, 75 per cent, and 125000 hours,
respectively. The hydrogen storage and battery cost are estimated to fall to 104 USD/kg and
100 USD/kWh, respectively.

In the long-term (2040 to 2050) period, the price of green steel is expected to be 366 USD/
TCS, which is well within the cost range of fossil-based steel production. The cost reductions
are primarily driven by the decrease in costs of RE and improvements in electrolyser
technology. Nevertheless, green steel technology can become competitive with the fossil-
based steelmaking process in the long term. The year in which green steel breaks even with
the blast furnace route will essentially depend on the cost reductions achieved for various
components of the green steel plant.

Figure 7 shows the plot of the LCOS across the four temporal scenarios for six locations in India.
The estimates only consider revenues from the sale of oxygen. The range of blast furnace costs
is shown in shades. The cost for NG + EAF route is indicated in orange for a gas price of 13.5
USD/MMBtu. The cost range is obtained for an electricity price of 3 INR/kWh (40 USD/MWh) to
7.6 INR/kWh (102 USD/MWh). The WSH (Bellary and Kutch) locations have approximately 7-13
per cent lower costs across all locations than solar-only locations in 2020. However, the cost
difference progressively decreases to 4—7 per cent by 2050. Green steel is expected to become
competitive for WSH locations with the upper range of blast furnace costs by 2040. However,
the solar-only locations demonstrate higher prices than the blast furnace route, even in 2040.
The benefit from the offtake of excess electricity can further reduce the costs by 35-46 USD/TCS,
26-32 USD/TCS, 17-19 USD/TCS, and 9-14 USD/TCS in 2020, 2030, 2040, and 2050, respectively.
Nevertheless, green steelmaking breaks even with the blast furnace route in the long term
(2050) and is a promising route to decarbonise the steel industry in the future.
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Box 2 A comparison of costs and emissions footprint

across conventional steel production technologies

Figure 8 shows the cost and emission intensity of producing steel from the
BF-BOF, coal, and NG-based DRI + EAF processes. The lower and higher range
of costs are obtained using the lowest and highest values of SEC, fuel, and
electricity prices (Annexure V). The coal DRI + EAF process has the largest
variation in costs. This is primarily due to a wide variation in the SEC (18.70 to
26.11 GJ/tDRI) and coal prices (2.2 to 5.9 $/GJ). A more efficient operation allows
the blast furnace to have the lowest operation cost despite having higher
capex and energy costs compared to the coal DRI + EAF process. In contrast,
the NG DRI + EAF process has the highest cost of production primarily due

to high energy costs. The variation in production costs primarily reflects the
variation of NG price (6.7 to 13.5 $/MMBtu). The underlying costs assumptions
are presented in Annexure V.

Figure 8 Steel production costs and emissions from fossil-based routes
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The carbon emissions from the BF-BOF route are estimated to be 2.3-2.4
tonnes CO,/TCS, based on industry sustainability reports (TSL 2019; JSW
2019) and published literature (IEA 2020a). Based on industry data, the
emission intensity of the coal-based DRI + EAF route is estimated to be 2.4
tonnes of CO,/TCS (Agrawal, Sahoo, and Mohanty 2015). The gas-based DRI

+ EAF process has the lowest emissions footprint of 1.3 tonnes CO,/TCS. The
underlying specific NG consumption and electricity demand are obtained from
the literature (Fan and Friedmann 2021; IEA 2020a).

4.2 Linking steel cost with hydrogen production costs

Figure 9 shows the steel production costs as a function of the green hydrogen cost. We
illustrate the relationship for Bellary, Karnataka, with WSH (black squares) and solar-only
(blue circles) profiles. The data points indicate the cost of producing steel and hydrogen
across various temporal scenarios starting from 2020 (top right) to 2050 (bottom left). The
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rate of hydrogen production in the green steel plant varies with time. Therefore, to relate
the steel and hydrogen costs, we use the hydrogen generation profile of the green steel plant
as an input to the green hydrogen production model (Biswas, Yadav, and Guhan 2020). For
the same year, we observe that the steel and hydrogen production costs are higher for the
solar-only profile (blue circles) compared to the WSH (orange squares). We expect the green
steelmaking process to be competitive with the upper range of blast furnace costs for a
hydrogen price of ~1.3-2.2 USD/kg, to break even with gas-based technologies at a hydrogen
price of 2.5-3.2 USD/kg.

Green steelmaking breaks even with BF-BOF processes if green hydrogen can be
delivered at prices between 1.3 to 2.2 USD/kg
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5. Accelerating green hydrogen-based
steelmaking in India - key policy and
technology imperatives

Image

he iron and steel industry already contributes to the lion’s share (35 per cent) in the

greenhouse gas emissions from the domestic manufacturing sector. An additional two-
fold increase in the production capacity by retaining the existing fuel mix and technology
choices will significantly affect India’s future greenhouse gas emissions. It is imperative to
ensure that any additional investment made in the sector does not lead to a technology lock-
in, thus allowing a seamless transition to H-DRI as it becomes competitive. While the BF-BOF
process remains the main workhorse of the industry, it has a limited technical potential
to substitute coal with hydrogen. Further, any investments made in BF-BOF today will be
recovered over the next 30-40 years.



Our estimates indicate that with access to favourable renewable resources, the H-DRI process
can become competitive with NG (at today’s prices) in the medium to long term without
imposing a carbon price. Further, it can also break even with the upper range of BF-BOF
production costs by 2040. Adopting the hybrid H-DRI technology (using a combination of
grey and green hydrogen) rollout in the medium term will ensure a low-cost transition to its
green counterpart in the long run. The green-hydrogen process has a ~92—96 per cent lower
carbon emissions footprint than conventional NG-based DRI and BF-BOF-based processes.
However, the economic viability of the process is highly dependent on the availability of
favourable RE profiles, lower tariffs, and aggressive price reductions in the electrolyser and
storage technologies. It is imperative that the domestic policies address the right levers for
commercialisation and large-scale deployment of green hydrogen-based steel production in
the country.

A 0.5 MTPA production capacity in Bellary will require 1157 MW of PV and 207 MW wind
capacity. Further, the oversized system will also generate 580 GWh of excess electricity.
Figures 10 and 11 indicate the time-of-day excess solar and seasonal excess wind power,
respectively, for the 0.5 MTPA steel plant in Bellary. Excess solar and wind electricity

are available only during peak periods of solar and wind availability. The magnitude of
excess power produced in a year is equivalent to the annual power generation from 277

MW PV and 35 MW wind plants. However, as seen in Figures 10 and 11, solar and wind
power generation from the equivalent renewable plant differs significantly from the excess
renewable generation. For a solar plant, the equivalent solar plant generates more power
during the morning and evening hours. The excess power from the steel plant is significantly
higher during the daytime. Similarly, we see very high wind availability from the wind plant
during the months of peak wind. During the lean months, the excess power from the steel
plant decreases significantly. Therefore, it is essential to ensure that the power evacuation
infrastructure is ready and flexible enough to support the large-scale deployment of
hydrogen-based steelmaking.

Time-of-day excess solar electricity for Bellary, Karnataka
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Time-of-year excess wind electricity for Bellary, Karnataka
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The transition from fossil-based to green steelmaking will not be overnight. There will be a
transition phase where renewable power is backed up with grid power, and green hydrogen
is blended with grey hydrogen. Figure 12 shows the transition story for steelmaking in India.
Here, we indicate the trend of variation in steel costs with the carbon footprint of steel for
solar, wind, and WSHSs for the year 2020. The curve is obtained for Bellary, Karnataka, which
has access to both solar and wind energy. We consider that backup power from the grid is
available at 102 USD/MWh (7.6 INR/kWh) with an increase of 13.33 USD/MWh (1 INR/kWh)
between 6-10 pm and a decrease of 13.33 USD/MWH (1 INR/kWh) between 10 pm—6 am (KERC
2021a). In the model, we also allow flexibility to include a SMR unit. We consider capital,
maintenance, and fuel costs as inputs to the model, and based on the emission constraint of
steel, the model sizes for the SMR unit and its operating hours. For all cases, we consider an
NG price of 13.5 USD/MMBtu as an input to the SMR unit.

As seen in Figure 12, the WSH offers significant advantages over solar- and wind-only profiles
during the transition phase for fossil-free steel production. We notice that even in 2020, the
hydrogen-based steelmaking breaks even with the lower end of the NG-based process for

an emission footprint of 0.75 tonnes CO_/TCS and a green hydrogen share of 9 per cent. An
important observation is that during the transition phase, wind-only systems have lower
costs than solar-only systems. However, for fossil-free steelmaking, the cost of a wind-based
system increases significantly as the seasonal intermittency of wind energy increases the cost
of energy storage. Therefore, a wind-only steelmaking plant needs to operate with a blend



of grey hydrogen and grid electricity, and not aim for completely fossil-free steel production.
Unlike wind-only systems, the cost increases proportionally for solar-only systems with a
decrease in carbon footprint.

Wind-solar hybrid offers significant benefits in the transition phase (2020)
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Figure 13 indicates the distribution of costs for various emission constraints on the primary
Y-axis and the respective share of green hydrogen in the total hydrogen demand on the
secondary Y-axis for a steelmaking plant in Bellary, Karnataka, which has access to both
wind and solar energy. Emissions can be reduced from 1.73 Tonnes CO /TCS to 0.91 Tonnes
CO,/TCS by co-locating the H-DRI + EAF unit with captive wind and solar energy and using
renewable power to manage the auxiliary loads in the plant. Even for an emission footprint of
0.91 Tonnes CO /TCS, the plant employs 100 per cent grey hydrogen. Green electricity alone
significantly reduces the carbon footprint of the steel plant without the need for producing
any green hydrogen. A further reduction of emissions intensity will require increasing the
share of green hydrogen in the total hydrogen demand, thereby increasing the size of the
electrolyser and RE systems. The WSH combines the advantages of solar and wind profiles.
Therefore, for the transition phase, the share of wind energy in the mix is approximately
62-68 per cent and the remaining 38-32 per cent is obtained from solar energy. However, since
wind has strong seasonality, the share of wind energy in the annual power consumption
decreases to 29 per cent for fossil-free steelmaking. Furthermore, the share of battery

and hydrogen storage costs increase significantly for fossil-free steelmaking, and thus,
significantly increasing the cost of steel production.
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Emission footprint can be reduced by blending renewable power and green hydrogen in steelmaking
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Figure 14 shows the transition curves for 2020, 2030, 2040, and 2050 in Bellary, Karnataka,
with the hybrid wind-solar profile. The grey zone indicates the cost of producing steel from
the BF-BOF process. The curves are shown for a system that initially uses grey hydrogen and
grid power to transition towards RE and green hydrogen, respectively. In 2020, hydrogen-
based steelmaking just about breaks even with the upper range (442 USD/TCS) of blast
furnace cost for an emission footprint of 0.75 tonnes CO_/TCS using 9 per cent green hydrogen
in the plant. By 2030, it becomes competitive (with an LCOS of 424 USD/TCS) with the average
blast furnace cost for an emission footprint of 0.57 tonnes CO /TCS by using 60 per cent green
hydrogen. By 2040, it becomes competitive (with an LCOS of 386 USD/TCS) for an emission
footprint of 0.4 tonnes CO /TCS . In this scenario, the emission constraint is met by using a
mix of RE and grid power without the need of any SMR unit.

For the year 2020, steelmakers can install the shaft furnace and operate it with a mix of grey
and green hydrogen. As the costs of renewable power, electrolysers, and storage systems
decrease to the 2030 level, green hydrogen can be blended in the shaft furnace by up to 60
per cent. This simultaneously reduces both the carbon emissions and the overall production
cost. Subsequently, when the costs across the hydrogen value chain decrease to the 2040
and 2050 levels, the steel units can reduce the emissions without requiring an SMR unit.

In this scenario, the emission constraint at minimum cost value (0.25 tonnes COz/TCS)

is met by using a blend of grid electricity and RE to power the electrolyser. However, for
achieving fossil-free steelmaking, there is a very marginal gain in emissions at the expense
of significantly increasing the costs. Therefore, for locations having access to wind and solar
energy, it is ideal to operate at an emission footprint of 0.25 tonnes CO_/TCS and not aim for
fossil-free steelmaking. Moreover, as shown in Figure 13, a sudden transition to fossil-free
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steelmaking will need green field investments in additional solar installation and absorption
of the excess wind capacity. Going ahead, this is expected to be a major barrier in moving to
fossil-free steelmaking if the industry intends to follow a transition trajectory.

Incremental blending of green hydrogen and renewable power is the key during the transition phase
(SMR + Grid power) for WSH profiles at Bellary
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Note: 1) The values in percentage indicate the share of green hydrogen. 2) The SMR unit is not needed in 2040 and 2050.

Figure 15 shows the transition story for Bellary, Karnataka, with a solar-only profile. Here,
for the year 2020, the steel cost increases proportionally with the increasing blend of green
hydrogen. Furthermore, unlike the WSH configuration, where the steel cost increases
significantly for the last ten percentile of fossil-free steelmaking, there is only a proportional
increase in steel cost. Therefore, locations with access to solar-only profiles can achieve
fossil-free steelmaking without significantly compromising on costs. However, in the
transition phase, the hybrid profile has a significant cost advantage over the solar-only
profile. Unlike the WSH locations, production costs in solar-only locations break even with
blast furnace production only in 2050. This showcases the significant advantages of co-
locating wind and solar plants for green steelmaking.



Incremental blending of green hydrogen and renewable power is the key during the transition phase

(SMR + Grid power) for Bellary with a solar-only profile
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Note: 1) The values in percentage indicate the share of green hydrogen. 2) The SMR unit is not needed in 2050.

Figure 16 shows the transition story for blending coal gasification derived hydrogen (black
hydrogen) and grid power. For the coal-gasification process, the optimisation method is
similar to the SMR unit, where we consider the capital, maintenance, and fuel costs as
inputs to the model. The emission footprint of coal gasification-based hydrogen is higher
than the NG process. Therefore, for grey steelmaking, the highest emission footprint of
steel is 2.2 tonnes CO_/TCS, unlike 1.75 tonnes CO_/TCS for NG-based steelmaking. Further,
the coal-gasification process has a higher transition cost than the NG-based process. The
cost of hydrogen obtained from the coal gasification unit strongly depends on the capacity.
For the 0.5 MTPA plant, the SMR and coal gasification plant are sized for a grey/black
hydrogen production capacity of 0.15 TPH to 2.85 TPH. For such a small capacity plant,

the cost of black hydrogen (obtained from coal gasification) is significantly higher than
the grey hydrogen. The cost of steel with an emissions constraint of 1.12 tonnes CO /TCS

is competitive with the upper range of blast furnace processes today. Further reduction in
emissions and costs can be achieved in future scenarios. Interestingly, the coal gasification
unit is not needed when costs reduce to 2040 and 2050, and the electrolyser produces
hydrogen with a mix of RE and grid power.
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Figure 16 Incremental blending of green hydrogen and renewable power is the key during the transition phase
(Coal gasification + grid power) for WSH profile at Bellary
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Capital cost and component size for green steelmaking in India

Table 2 lists the capacities of various components for the 0.5 MTPA steel plant across emission
factors of 0.1, 0.4, and 0.9 tonnes CO_/TCS. It illustrates the component sizing for a WSH steel plant
based in Bellary, Karnataka.

Table 2 Component size for the pilot, demonstration, and commercial-scale green steel plants

Sr. No. Component 0.1 Tonnes CO,/ 0.4 Tonnes CO,/ 0.9 Tonnes CO,/
TCS TCS TCS

1 PV (MW) 1157 328 103

2 Wind (Mw) 207 336 11

3 Inverter (MW) 523 215 75

4 Battery Storage - Power (MW) 159 0 0

5 Battery Storage - Energy (MWh) 1218 0 0

6 Electrolyser (MW) 256 130 0

7 FC (Mw) 0.3 0 0]

8 Hydrogen Storage (Hours of demand) 674 4.4 0

9 Shaft furnace (TPH) 54 56 53

10 EAF (TPH) 59 61 57

Source: Authors’ analysis
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Figure 17 illustrates the investment needed across various components to set up a 0.5 MTPA
hydrogen-based steelmaking plant operating with three emission footprint (0.1, 0.4, and 0.9 tonnes
CO,/TCS) constraints. The plot is illustrated for a WSH plant located in Bellary, Karnataka, for the year
2020. For fossil-free steelmaking, we expect renewable power, battery storage, and electrolyser to
form approximately 80 per cent of the capital investments needed to set up the plant. Our analysis
suggests a capital investment of ~USD 3 Billion (INR 22000 crore) per MTPA of fossil-free steel
output.

For a hybrid configuration with an emission intensity of 0.4 tonnes CO,/TCS, the capital cost reduces
to ~USD 1.6 billion (INR 12000 crore) per MTPA. Further, with an emission intensity of 0.9 tonnes
CO,/TCS, we expect a capital investment of INR ~USD 0.9 Billion (7000 crore) per MTPA. This is
marginally higher than the investment needed for setting up an integrated steel plant. Table 3 shows
the land, water and energy requirement for green steelmaking.

Figure 17 Capital cost decreases significantly for a blended (green+grey) configuration (0.5 MTPA plant).
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Table 3 Land, water, and energy requirement for green steelmaking
Land Water Electricity
Consumption intensity 30630 acres per MTPA 2.93 tonnes per TCS 5.3 MWh per TCS
To produce 111 3.4 million acres 325.3 MTPA 264 GW of solar
MTPA of green steel f Gui '< land £ Gui , f India’
(equivalent to India’s 7 per cent of Gujarat's lan 16 per cent of Gujarat's 59 per cent of India's 450 GW
area annual supply target by 2030

steel output in 2019)

Source: Authors’ analysis



The primary iron-making industry in India is based on blast furnace technology. Over the
years, the share of pig iron in India’s iron production has decreased from 81 per cent in 2002
to 67 per cent in 2019 due to the increased production of sponge iron (WorldSteel 2020).
However, India’s sponge ironmaking technology is primarily based on RK technology that
use coal as an energy source. Notably, the share of gas-based technologies in the whole
ironmaking process was a modest 8 per cent in FY 2015-16 (IBM 2019).

A challenge with the existing coal-based routes (blast furnace and RK) for iron production is
that these technologies do not allow a 100 per cent transition to hydrogen. Studies indicate
that only 27.5 kg/THM of hydrogen can be injected in blast furnaces and can reduce carbon
emissions by a maximum of 21.4 per cent (Yilmaz, Wendelstorf, and Turek 2017). The trial
runs on hydrogen injection in blast furnaces target carbon reductions up to 20 per cent as
compared to coke and PCI operation (Thyssenkrupp 2019). Further, there is limited literature
on the amount of hydrogen that can be injected in the RK, although RK used in the cement
industry can operate with a hydrogen feed of 20-50 per cent (Mineral Products Association,
Cinar Ltd, and VDZ gGmbH 2019). Nevertheless, a key take-away is that coal-based
technologies are not well-placed to transition to zero-carbon fuels like hydrogen.

Blast furnaces require investments to the tune of 676 million USD /MTPA (Environment
Clearance 2015) and are recovered across a period of 40 to 50 years (IEA 2020a). Hence, any
investments, if already made, will be challenging to decarbonise and will lock-in significant
volumes of coal over the years. The majority of the Indian blast furnaces are also very young,
with an average life of 13 years (IEA 2020a). Give that steel production in India is expected to
double in the next decade, there is an opportunity to deploy hydrogen-ready technologies.

Shaft furnaces are hydrogen ready and can operate with a varying blend of green hydrogen.
Further, they can be readily adapted to 100 per cent green hydrogen blends (Midrex 2018).
Therefore, any investment decisions today should consider medium-to-long term transition
plans for fuel switching. Given that shaft furnaces can operate with syngas derived from NG
or coal gasification, industries must make a conscious decision to invest in hydrogen-ready
technologies that can catalyse an eventual transition to green hydrogen.

The availability of solar and wind resources, low tariffs, and adequate land makes specific
locations attractive to green hydrogen production. However, these locations are also located
far away from the potential demand centres, requiring optimal supply and distribution
infrastructure planning. Figure 18 shows the installed solar and wind plants in India (on
the left), and the iron ore-rich areas along with steelmaking units (on the right). The size

of the respective shapes is proportional to the installed capacity. In the figure, we cover

30 GW of solar and 38 GW of wind installed capacities representing 83 per cent and 100

BF-BOF require
investments of 676
million USD /MTPA
locking in coal
demand for 30-40
years



per cent, respectively, of the total installed capacities till December 2020 (PIB 2020). The
image on the right indicates iron ore mines, integrated steel plants, and coal and gas-based
sponge iron units. Notably, the steel plants are concentrated in the Indian states of Odisha,
Chhattisgarh, Jharkhand, and Karnataka. The three states in the east (Odisha, Chhattisgarh,
and Jharkhand) do have wind installations and only have 1.8 per cent of India’s total solar
installed capacity but caters to 45% of national steel demand (PIB, 2019). These locations do
not have any wind potential. Furthermore, only the steel plants located in and around Bellary

(Karnataka) have access to utility-scale wind and solar plants. Odisha,
Chhattisgarh
To assess the impact of not having access to co-located RE and iron ore resources for most and Jharkhand
of the country’s steel plants, we evaluated several scenarios to estimate their supply chain
v P PPy only have 1.8%

costs. We consider a case of installing a RE plant in Kutch, Gujarat, and a steel plant in

Angul, Odisha. Further, we consider the following three scenarios: of India’s solar

ity but cater
Green hydrogen (from solar/wind power) is produced in Kutch, Gujarat, and transported ca pai y bu qa ¢
to Angul, Odisha, by trucks and pipelines. The auxiliary electricity demand in the green to 45% of national
steel plant located in Angul is met through open access to renewable power produced in steel demand
Gujarat.

RE (solar power) is produced in Kutch, Gujarat, at 2.2 INR/kWh and transported to
Angul, Odisha, by the open-access mechanism (See Annexure-IV). The magnitude of
renewable power is sufficiently high (4.1 MWh/TCS) to meet the auxiliary plant load and
generate green hydrogen in the plant.

Steel plants are set up in Kutch, Gujarat, and iron ore is transported from Angul, Odisha,

by railways.
The iron ore-rich
areas in India do
not have access to
; large volumes of
W¥wr- i = . renewable energy
P %’ o L Source: Authors’ analysis
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Table 4 shows the transport scenarios considered for the analysis. Across scenarios, the
increase in steel cost is the highest for liquid hydrogen transport. The increase in cost due to
hydrogen transport in pipelines (having a capacity of ~500 TPD) and renewable power with
open access is also significantly higher than transporting iron ore through railways. A key
issue with transporting RE is uncertainty and fluctuations in open-access charges. Green



hydrogen-based steelmaking is a capital-intensive process. Investors will need long-term
stability in the open-access charges to minimise the investment risks. The transportation
cost of hydrogen in a pipeline is inversely proportional to pipeline volumes. Reducing the
pipeline capacity to 100 TPD will increase the transportation tariff to 3.5 $/kg of hydrogen.
This will make it more expensive than transporting liquid hydrogen in trailers. However,
setting up large-scale hydrogen pipelines is highly capital intensive and will require off-take
guarantees well before the project’s construction. India is already planning to add another
15,000kms of NG pipeline soon; careful infrastructure planning is needed to avoid the build-
up of expensive stranded assets. One such alternative is to retrofit the existing pipeline or
deploy hydrogen-ready pipelines. While transporting iron ore is the cheapest option, the
rail infrastructure in the country will constrain the annual capacity that can be transported.
Furthermore, similar to the open-access tariffs, the rail transportation charges also fluctuate,
thus increasing the investment risks. Perhaps the RE-rich areas in India in the west can use
imported iron ore for producing green steel. However, only locations with access to the port
and renewable power can benefit in such a scenario. Nevertheless, we expect the price of
green steel to roughly increase by 10-15 per cent due to the logistical challenges in moving
iron ore and renewable power/hydrogen.

Sr.  Transport Sourced  Delivered Transport Consumption Total transport
No. medium from to tariff costs (USD/
TCS)*
la  H,(Liquid) + RE Kutch Angul 2.57 USD/kg 50 kg H,/TCS 163
power (Open H,+1.65 INR/ +1.6 MWh/
access) kWh TCS
1b  H,(Pipeline) + Kutch Angul 1.20 USD/kg 50 kg H,/TCS 95
RE power (Open H,+1.65 INR/ +1.6 MWh/
access) kWh TCS
2 RE power (Open Kutch Angul 165 INR/kWh 41 MWh/TCS 90
access)
3 Iron ore Angul Kutch 41.2 USD/t- 14 t-Ore/TCS 58
(Railways) Ore

Horizon technologies like green-hydrogen-based iron making can significantly mitigate

emissions from the iron and steel sector. However, these technologies also have equally high
risks due to the possibilities of technology failures, and other unanticipated factors like
ecological effect or geopolitical events (Biswas, Ganesan, and Ghosh 2019). Therefore, rapid
scaling of horizon technologies will need collaborative research from industry, government,
and academia that will often extend beyond the national boundaries. However, the current
research and development (R&D) ecosystem in India is frail. R&D investments in the country
represented a meagre 0.65 per cent of the gross domestic product compared with the global
average of 2.3 per cent in 2018 (The World Bank 2020).

R&D investments within the steel industry also remained sparse. According to a report by the
Ministry of Steel, the average R&D expenditure by the Indian steel plants remained at less
than 1 per cent of their annual turnover (MoS 2020). In 2017-18, the total R&D investment by
major public sector undertakings like the Steel Authority of India and the Rashtriya Ispat
Nigam Limited were USD 46 million and USD 3 million, respectively. In the same year, Tata
Steel, a leading private sector player, had spent USD 25 million (MoS 2020). In comparison,
the total investment planned or earmarked by major global steelmakers on innovative
steelmaking technologies amounts to USD 14.7 billion (Figure 19).

Q""D

Transporting iron
ore from Angul to
Kutch is cheaper
than moving
renewable energy
and hydrogen from
Kutch to Angul

Transport scenarios
considered for the
analysis (Kutch,
Gujarat, to Angul,
Odisha and vice-
versa)

* Assuming USD to INR
conversion rate of 75

Source: Authors’ analysis
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Globally, several industry-government research collaborations on green hydrogen-based
applications are already underway. For example, a joint venture founded by Swedish
companies SSAB, Luossavaara-Kiirunavaara Aktiebolag, and Vattenfall aims to achieve 100
per cent fossil-free steelmaking by 2035. Their pre-feasibility study indicates that the green
hydrogen-based steelmaking cost is 20-30 per cent higher than the conventional process
(BF-BOF) (HYBRIT 2017). Further, Voestalpine, an Austrian steel company in partnership with
Siemens and VERBUND, has installed a 6 MW electrolyser in their steelmaking plant in Linz
(H2Future 2019a). Domestic policies should nudge domestic steelmakers to institutionalise
increased R&D spending and participate in technology collaboration and pilots. Further,
earmarking a certain percentage of the funds towards low-carbon technology pilots will
support a faster transition.

Box 4 Global developments in low-carbon steel production

Figure 19 shows the investments needed to realise the low-carbon technologies planned by various
industries. Notably, a majority of the investments in clean technologies are in favour of hydrogen-
based steelmaking and green hydrogen production. A few industries are also planning investments
in CCUS and blending green hydrogen with NG. We also indicate 2030 and 2050 (along with the
base year wherever available) emission reduction targets set by the companies globally. Most of
these investments in low-carbon technologies are concentrated within developed countries. India
remains the only country within the top-three steelmakers that is yet to invest in these low-carbon
steelmaking technologies.

Figure 19 Investment needs for realising low-carbon technologies

Company Country 2030 Target 2050 Target
Arcelor Mittal France 23ns 30% (Europe) v’
Germany 73 30% (Europe) v
Baowu China s 30% v’
HBIS China I 15 30% v
POSCO South Korea  [ggoo! 20% v
Tata Steel Netherlands | EB 30% (Europe) & 40% (Netherlands) v’
JFE Japan s 20% (2013) v
Thyssen Krupp Germany 595 30% (2018) v
HYBRIT Sweden P 10 26% (2018) Fossil free 2045
British Steel Great Britain [ 105 N/A N/A
Voestalpine Austria 24 N/A 80%
Salzgitter Germany 15 7 30% 95%
Liberty Steel Australia 760 v’ N/A
H, Green Steel Sweden [ 3,000 N/A N/A
1 10 100 1,000 10,000

Investment pledged (million USD)
[Logarithmic scale]

NG-DR — H-DR Green hydrogen production I Raw material efficiency
B ccus ¥ H-DR [l Smelting reduction
Electrowining Hydrogen by SOEC electrolysis % Carbon neutrality

Source: (Vogl et al. 2021)
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The domestic steel industry has large-scale integrated steel plants and medium to small-
scale secondary producers. However, unlike the 1SPs, most of these smaller coal-based
DRI-EAF units operate using substandard and inefficient production processes. The typical
energy intensity of the coal-based DRI units is estimated to be ~21 GJ/tonne DRI compared

with the globally BAT of ~18.8 GJ/tonne DRI (Gupta 2014). The absence of a regulatory The existing
mechanism penalising such production inefficiencies and associated environmental effects emissions

allows such producers to compete in the market. Let alone CO, emissions, the existing standards for these
emissions standards for these DRI units only cover particulate matter emissions, whereas DRI units onlg

SO, and NO_emissions are left unchecked (MoEFCC 2012). As a first step, the Central/State cover parti culate

Pollution Control Boards need to conduct a detailed assessment of the existing processes

and technologies to revise the emissions standards for the steel industry and simultaneously matter emissions,

establish a robust monitoring infrastructure. Further, a gradual tightening of the emissions whereas SOx and
norms will automatically preclude the use of polluting fuels. Enforcing strict emissions NOx emissions are
norms now will ensure that the additional ~200 million TCS to be built are compliant and left unchecked

with a lower transition cost.

Besides non-economic drivers, the transition to the hydrogen economy will necessitate
implementing a pricing mechanism that penalises the polluting fuels and incentivises
their cleaner alternatives. While the future price projections of hydrogen-based steel are
encouraging, they are contingent on the commercialised volumes in the near term. Hence,
there is a need for an emissions mitigation mechanism that can spur investments at least in
locations with favourable renewable profiles.

The domestic steel industry is struggling to remain competitive and is constantly threatened
due to cheaper imports. A transition to cleaner manufacturing processes will adversely
affect its competitiveness unless markets absorb the incremental cost of low-carbon steel.
Governments across many countries have leveraged the market forces to create demand for
environment-friendly products and services. The South Korean government is supporting

a transition to a low-carbon lifestyle by offering credit card reward points on the purchase
of green products (ClimateAction 2011). Similarly, in India, the Bureau of Energy Efficiency
(BEE) is supporting a market transition towards energy-efficient appliances by promoting
consumer awareness through its Star Labelling Programme (BEE 2019).

Across the various end-users of steel, the construction sector is the single largest consumer,
representing ~62 per cent of the steel consumed in 2019 (PWC 2019). Demand for low-carbon
steel in the sector will unlock investments in cleaner manufacturing technologies. The public
procurement mechanism can create demand for low-carbon steel in the ongoing large-scale
infrastructure projects such AMRUT, Bharatmala, and Sagarmala. Further, the inclusion

of low-carbon steel as an alternative and sustainable building material within the green
building rating systems such as Leadership in Energy and Environment Design, and Green
Rating for Integrated Habitat Assessment will promote consumer awareness.



6. Conclusion
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Expanding production capacity with the existing set of technology options in the iron and
steel industry will significantly affect the country’s future greenhouse gas emissions.

The findings from our report will help strengthen both the National Hydrogen Energy Mission
and National Steel Policy 2017 in supporting the transition to green hydrogen-based steel
production. We find that a 100 per cent green hydrogen operation only becomes viable in

the next two decades. Our results comparing the production costs across various locations
indicate that access to wind and solar resources is critical towards an early break-even with
the conventional production processes. Producing green steel using only solar resources
(which is true for most locations in the country) will push back the break-even period to 2050.

A faster way to incentivise the transition is by blending green hydrogen with conventional
grey hydrogen (produced from SMR). The high renewables intermittency costs of 100 per cent
fossil-free operation can be significantly reduced by blending 7 per cent grey hydrogen while
marginally increasing the emissions footprint of the process. At today’s prices, blending ~9
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per cent of green hydrogen (with grey hydrogen) is competitive with the upper range of BF-
BOF costs. Nevertheless, our findings indicate that green hydrogen is a promising technology
to decarbonise the sector.

We also highlight the major challenges in transitioning to green hydrogen-based steel
production. A green steel plant needs an investment of USD 3 Billion per MTPA, more than
three times the conventional BF-BOF route. Considering the current situation of thin R&D and
innovations investments by steelmakers (less than 1 per cent of their annual turnover), the
transition will be extremely challenging. Further, converting the current steelmaking capacity
to green hydrogen-based production will require 264 GW of solar capacity and annual water
consumption representing approximately 16 per cent of Gujarat’s annual water supply.

We recommend that the current policy framework should incentivise increased R&D
investments to evaluate the performance and production costs across the various transition
pathways. Further, a detailed evaluation of raw-material and energy (including hydrogen)
delivery infrastructure will help identify the optimal locations of future investments and
evaluate the potential impact on jobs and revenues due to a potential shift in existing supply
chains. Our recommendations are aimed at strengthening the existing policy framework to
support a green hydrogen transition in the steel industry.

At today’s prices,
blending ~9% of
green hydrogen
(with grey
hydrogen) is
competitive with
the upper range of
BF-BOF costs



References

Agrawal, Bijay Kumar, S. K. Sahoo, and S. B. Mohanty. 2015. Energy Management Practices at Tata Sponge. http://
knowledgeplatform.in/wp-content/uploads/2016/03/4.1-Best-Practices_Tata-Sponge.pdf.

Ahluwalia, R. K., D. D. Papadias, J. K. Peng, and H. S. Roh. 2019. System Level Analysis of Hydrogen Storage Options.
https://www.hydrogen.energy.gov/pdfs/review19/stoo1_ahluwalia_2019_o.pdf.

ArcelorMittal. 2017. “Siderwin, targeting radically new steel production without CO, emissions.” Accessed May 28,
2021. https://automotive.arcelormittal.com/news_and_stories/news/2019Siderwin#:~:text=Siderwin per cent2C
per cent2otargeting per cent2oradically per cent2onew per cent2osteel per cent2oproduction per cent2owithout
per cent20CO, per cent2oemissions,-What per cent20if per cent2oin&text=Electrolysis per cent20is per
cent2oone per cent200f per cent2othe,bringing per cent2otogether per cent2012 per cent20E.

ArcelorMittal. 2018. “Fuel from steel - Turning carbon emissions from blast furnace gas into bioethanol
at ArcelorMittal Gent.” Accessed May 28, 2021. https://europe.arcelormittal.com/newsandmedia/
europenews/3798/Fuel-from-steel.

Atibir Industries. 2018. “Project feasibility report.” October 06. Accessed June 10, 2021. http://environmentclearance.
nic.in/writereaddata/Online/TOR/06_0Oct_2018_145745097GSHWCR4MPFR.pdf.

Aurecon. 2020. “Hornsdale Power Reserve, Australia.” Accessed April o1, 2021. https://www.aurecongroup.com/
projects/energy/hornsdale-power-reserve#:~:text=One per cent200f per cent2othe per cent2oprojects per
cent2owas,approximately per cent2oone per cent2ohectare per cent2oof per cent2oland.

BEE. 2019. “BEE Star Label Programme.” Accessed July 21, 2020. https://www.beestarlabel.com/.

Biswas, Tirtha, Deepak Yadav, and Ashish Guhan. 2020. A Green Hydrogen Economy for India: Policy and Technology
Imperatives to Lower Production Cost. New Delhi: CEEW.

Biswas, Tirtha, Karthik Ganesan, and Arunabha Ghosh. 2019. Sustainable Manufacturing for India’s Low-carbon
Transition. New Delhi: Council on Energy, Environment and Water. https://www.ceew.in/publications/
sustainable-manufacturing-indias-low-carbon-transition.

Boston Metal. 2021. “Metal Oxide Electrolysis - We transform dirt to metal very efficiently.” Accessed May 28, 2021.
https://www.bostonmetal.com/moe-technology/.

Buttler, Alexander, and Hartmut Spliethoff. 2018. “Current status of water electrolysis for energy storage, grid
balancing and sector coupling via power-to-gas and power-to-liquids: A review.” Renewable and Sustainable
Energy Reviews 82 (Part 3): 2440-2454. doi:https://doi.org/10.1016/j.rser.2017.09.003.

CEA. 2020. Growth of electricity sector in India from 1947-2020. October. Accessed March 25, 2021. https://cea.nic.in/
wp-content/uploads/pdm/2020/12/growth_2020.pdf.

Chandler C. Dorris, Eric Lu, Sangjae Park, Fabian H. Toro. 2016. High-Purity Oxygen Production Using Mixed Ionic-
Electronic Conducting Sorbents. Senior Design Reports (CBE), Pennsylvania : University of Pennsylvania.
https://repository.upenn.edu/cgi/viewcontent.cgi?article=1080&context=che_sdr.

Chatterjee, Amit. 2012. Sponge Iron Production by Direct Reduction of Iron Oxide. New Delhi: PHI Learning Pvt. Ltd.

Chawla, Kanika, Manu Aggarwal, and Arjun Dutt. 2020. “Analysing the falling solar and wind tariffs: evidence from
India.” Journal of Sustainable Finance & Investment 10(2): 171-190. doi:10.1080/20430795.2019.1706313.

ClimateAction. 2011. “South Korea releases new green credit cards.” January 17. http://www.climateaction.org/
news/south_korea_releases_new_green_credit_cards#:~:text=Simione per cent2o0Talanoa-,South per
cent20Korea per cent2oannounces per cent2oa per cent2onew per cent2ogovernment per cent2oprogram per
cent2ooffering per cent2ocredit per cent2ocard,embrace per cent20a per cent2olower per cent2Dcarbon per
cent2olifestyle.&text=The per cent2ocombination.



COINDIA. 2015. Energy efficiency best operating practices guide for foundaries. New Delhi: Sameeksha.

CPCB. 2007. Comprehensive industry document series (COINDS) - Sponge iron industry. New Delhi: Central Pollution
Control Board.

CSIRO. 2018. National Hydrogen Roadmap - Pathways to an economically sustainable hydrogen industry in Australia.
Canberra: Commonwealth Scientific and Industrial Research Organisation.

Department of Commerce. 2020. “Department of Commerce - Export Import Data Bank.” Accessed July 22, 2020.
https://commerce-app.gov.in/eidb/searchq.asp?fl=ecomq.asp.

Deshmukh, Ranjit, Grace C. Wu, Duncan S. Callaway, and Amol Phadke. 2018. “Geospatial and techno-economic
analysis of wind and solar resources in India.” Renewable Energy 134: 947-960.

Duarte, Pablo E. 2004. HYL Direct Reduction Technology: Adaptations for the Indian Market. Mexico: HYL, Hylsa
Technology Division. https://www.energiron.com/wp-content/uploads/2019/05/2004-HYL-Direct-Reduction-
Technology-Adaptations-for-the-Indian-Market.pdf.

ECN. 2020. Technology Factsheet - Steam methane reforming (SMR) for hydrogen production with syngas carbon
capture. https://energy.nl/wp-content/uploads/2019/07/Steam-methane-reforming-SMR-for-hydrogen-
production-with-syngas-carbon-capture.pdf.

Elshurafa, Amro M., Shahad R. Albardi, Simona Bigern, and Carlo Andrea Bollino. 2018. “Estimating the learning
curve of solar PV balance—of-system for over 20 countries: Implications and policy recommendations.” Journal
of Cleaner Production 196: 122-134.

Environment Clearance. 2015. Pre-feasibility report on 3.0 MTPA integrated steel plant at Anjar, Gujarat. New
Delhi: Environment Clearance. http://environmentclearance.nic.in/writereaddata/Online/TOR/o_o_o01_
Oct_2015_1749529671Annexure-Pre-feasibilityReport(PFR)File.pdf.

Fan, Zhiyuan, and Julio S. Friedmann. 2021. “Low-carbon production of iron and steel: Technology options, economic
assessment, and policy.” Joule 5(4): 1-34.

FCHEA. 2020. “Fuel Cell and Hydrogen Energy Association.” Accessed April 01, 2021. https://www.fchea.org/
stationary#:~:text=Stationary per cent2ofuel per cent2ocell per cent2osystems per cent2oalso,acres per
cent2oper per cent20MW per cent200f per cent2owind.

Ferrexpo. 2017. Ferrexpo pellet market. Accessed June 06, 2021. https://www.ferrexpo.com/system/files/uploads/
financialdocs/Pellet%2omarket%2012%20May%20MS%20conference_o.pdf.

Frazier, Wesley Cole, and A. Will. 2019. Cost Projections for Utility-Scale Battery Storage. Golden, CO: National
Renewable Energy Laboratory. https://www.nrel.gov/docs/fy190sti/73222.pdf.

Fu, Q., C. Mabilat, M. Zahid, A. Brisse, and L. Gautier. 2010. “Syngas production via high-temperature steam/
CO, co-electrolysis: an economic assessment.” Energy & Environmental Science 3(10):1382-1397. d0i:0.1039/
CoEE00092B.

Fu, Ran, David Feldman, and Robert Margolis. 2018. U.S. Solar Photovoltaic System Cost Benchmark: Q1 2018. Golden,
CO: National Renewable Energy Laboratory. https://www.nrel.gov/docs/fy190sti/72399.pdf.

Gupta, R. C. 2014. “Energy Resources, Its Role and Use in Metallurgical Industries.” In Treatise on Process Metallurgy
- Volume 3: Industrial Processes, edited by Seshadri Seetharaman, 1425-1458. Elsevier. Amsterdam. doi:10.1016/
C2010-0-67121-5.

Gupta, Vaibhav, Tirtha Biswas, Deepa Janakiraman, Adil Jamal, and Karthik Ganesan. 2019. “Industrial Energy Use
and Emissions Database - Council on Energy, Environment and Water.” Accessed July 23, 2020. https://www.
ceew.in/data/industrial-energy-emissions-dashboard.

H2Future. 2019a. “H2Future Green Hydrogen.” Accessed September 16, 2020. https://www.h2future-project.eu/.

H2Future. 2019h. “Project Startseite.” Accessed September 16, 2020. https://www.h2future-project.eu/.



Hiendro, Ayong, Rudi Kurnianto, Managam Rajagukguk, Yohannes M. Simanjuntak, and Junaidi. 2013. “Techno-
economic analysis of photovoltaic/wind hybrid system for onshore/remote area in Indonesia.” Energy 59: 652-
657. doi:10.1016/j.energy.2013.06.005.

Hinkley, Jim, Jenny Hayward, Robbie McNaughton, Rob Gillespie, Ayako Matsumoto, Muriel Watt, and Keith
Lovegrove. 2016. Cost assessment of hydrogen production from PV and electrolysis. : CSIRO. https://arena.gov.
au/assets/2016/05/Assessment-of-the-cost-of-hydrogen-from-PV.pdf.

Holling, Marc, and Sebastian Gellert. 2018. “Direct Reduction: Transition from Natural Gas to Hydrogen?”
International Council for Scientific and Technical Information 1-6. Vienna: Research Gate.

Hornsdale. 2020. “South Australia’s Big Battery.” Accessed April 01, 2021. https://hornsdalepowerreserve.com.au/.
HYBRIT. 2017. Summary of findings from HYBRIT Pre-Feasibility Study 2016-2017. Stockholm: HYBRIT.
Hydrogen Council. 2020. Path to hydrogen - A cost perspective. Brussels: Hydrogen Council.

IEAGHG. 2017. Techno-economic evaluation of SMR based standalone (Merchant) hydrogen plant with CCS. Paris: [EA
Greenhouse gas R&D programme. https://ieaghg.org/exco_docs/2017-02.pdf.

IETD. 2020. “Institute for industrial productivity - Industrial efficiency technology database.” Accessed April 22,
2021. http://www.iipinetwork.org/wp-content/Ietd/content/direct-reduced-iron.html#:~:text=Total per
cent2oprimary per cent2oenergy per cent2odemand per cent200f,9.62G]J per cent2Ft per cent2DDRI.&text=The
per cent2oenergy per cent2oconsumption per cent2oof per cent2othe,10.4 per cent20G]J per cent2Ft per
cent2DDRI.

Indian Bureau of Mine (IBM). 2018. Indian Minerals Yearbook 2018 (Part-II :Metals and Alloys) - Iron & Steel and
Scrap. Nagpur: Indian Bureau of Mines.

Indian Bureau of Mine (IBM). 2019. Indian Minerals Yearbook 2019 (Part-III: Mineral Reviews) - Iron Ore. (ADVANCE
RELEASE). Nagpur: Indian Bureau of Mines.

International Energy Agency (IEA). 2010. IEA ETSAP - Technology Brief - Iron and Steel. Paris: International Energy
Agency. https://iea-etsap.org/E-TechDS/PDF/Io2-Iron&Steel-GS-AD-gct.pdf.

International Energy Agency (IEA). 2015. “Technology Roadmap - Hydrogen and Fuel Cells.” International Energy
Agency. https://www.iea.org/reports/technology-roadmap-hydrogen-and-fuel-cell.

International Energy Agency (IEA). 2019. “The Future of Hydrogen - Seizing today’s opportunities.” Paris:
International Energy Agency. https://www.iea.org/reports/the-future-of-hydrogen.

International Energy Agency (IEA). 2020a. Iron and Steel Technology Roadmap - Towards more sustainable
steelmaking. Paris: International Energy Agency.

International Energy Agency (IEA). 2020b. World Energy Model Documentation. International Energy Agency. https://
iea.blob.core.windows.net/assets/fa87681d-73bd-4719-b1e5-69670512b614/WEM_Documentation_ WEO2020.
pdf.

International Energy Agency (IEA). 2021. Net Zero by 2050 - A roadmap for the global energy sector. Paris:
International Energy Agency.

International Renewable Energy Agency (IRENA). 2016. The Power to Change: Solar and Wind Cost Reduction
Potential to 2025. Abu Dhabi: International Renewable Energy Agency.

International Renewable Energy Agency (IRENA). 2017a. Electricity Storage and Renewables: Costs and Markets to
2030. Abu Dhabi: International Renewable Energy Agency. https://www.irena.org/publications/2017/Oct/
Electricity-storage-and-renewables-costs-and-markets.

International Renewable Energy Agency (IRENA). 2017b. Onshore Wind Industry Learning Fast. March 16. Accessed
May 31, 2021. https://www.irena.org/newsroom/articles/2017/Mar/Onshore-Wind-Industry-Learning-Fast.



International Renewable Energy Agency (IRENA). 2018. Hydrogen from renewable power: Technology outlook for the
energy transition. Abu Dhabi: International Renewable Energy Agency.

International Renewable Energy Agency (IRENA). 2019. FUTURE OF WIND - Deployment, investment, technology, grid
integration and socio-economic aspects. Abi Dhabi: International Renewable Energy Agency.

International Renewable Energy Agency (IRENA). 2020. Green Hydrogen Cost Reduction: Scaling up Electrolysers to
Meet the 1.5°C Climate Goal. Abu Dhabi: International Renewable Energy Agency. https://irena.org/-/media/
Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf.

Jun, Yi, Paul Behrens, Arnold Tukker, Laura Scherer. 2019. “Water use of electricity technologies: A global meta-
analysis.” Renewable and Sustainable Energy Reviews 115: 109391

Jose Bellosta von Colbe, Jose-Ramon Ares, Jussara Barale, Marcello Baricco, Craig Buckley, Giovanni Capurso,
Noris Gallandat, David M. Grant, Matylda N. Guzik, Isaac Jacob, Emil H. Jensen, Torben Jensen, Julian Jepsen,
Thomas Klassen, Mykhaylol V. Lototsk. 2019. “Application of hydrides in hydrogen storage and compression:
Achievements, outlook and perspectives.” International Journal of Hydrogen Energy 44(15): 7780-7808.

JSW. 2019. JSW Steel Ltd. and environment management. Mumbai: JSW Steel Ltd. https://www.jsw.in/sites/default/
files/assets//downloads/steel/IR/CSR/Sustainability per cent2oReports/JSW per cent20Steel per cent20- per
cent2oEnvironmental per cent2oPerformance per cent20- per cent2oKey per cent2oFacts.pdf.

KERC. 2021a. ELECTRICITY TARIFF - 2021. Karnataka: Karnataka Electricity Regulatory Commission. https://bescom.
karnataka.gov.in/storage/pdf-files/RA per cent2osection/Tariff per cent200rder per cent202020 per cent2oRates.
pdf.

KERC. 2021h. Revision of electricity tariff for 2021. Karnataka: Karnataka Electricity Regulatory Commission. https://
karunadu.karnataka.gov.in/kerc/Tariff per cent200rder per cent202020/Orders/Press per cent2oNote/English_
Press_Note_2020_Ver_s.pdf.

Lau, Francis, David A. Bowen, Remon Dihu, Shain Doong, Evan E. Hughes, Robert Remick, Rachid Slimane, Scott Q.
Turn, and Robert Zabransky. 2002. Techno Economic Analysis of Hydrogen Production by gasification of biomass.
Technical Report, Office of Scientific and Technical Information. doi:10.2172/816024.

Mallapragada, Dharik Sanchan, Emre Gencer, Patrick Insinger, David William Keith, and Francis Martin O’Sullivan.
2020. “Can Industrial-Scale Solar Hydrogen Supplied from Commodity Technologies Be Cost Competitive by
2030?” Cell Reports Physical Science 1(9). doi:10.1016/j.XCrp.2020.100174.

Midrex. 2018. The MIDREX Process - The world’s most reliable and productive Direct Reduction Technology. North
Carolina: Midrex.

Mineral Products Association; Cinar Ltd; VDZ gGmbH. 2019. Options for switching UK cement production sites to
near zero CO, emission fuel: Technical and financial feasibility. London: Government of the United Kingdom.
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/866365/
Phase_2_-_MPA_-_Cement_Production_Fuel_Switching.pdf.

Ministry of Environment, Forest and Climate Change (MoEFCC). 2012. Notification: Emissions standards for the iron
and steel sector. New Delhi: Ministry of Environment, Forest and Climate Change, March 31. https://parivesh.
nic.in/writereaddata/ENV/envstandard/envstandard1s.pdf.

Ministry of Steel (MoS). 2019. An overview of the steel sector. https://steel.gov.in/sites/default/files/An per
cent200verview per cent200f per cent20Steel per cent20Sector_may2019.pdf.

Ministry of Steel (MoS). 2020. RESEARCH & DEVELOPMENT IN IRON & STEEL SECTOR. Ministry of Steel. https://steel.
gov.in/sites/default/files/R per cent26D per cent20Chapter per cent2ofor per cent2oMoS per cent20Website per
cent20Feb per cent202020 per cent2oupdate.pdf.

Mittal, Damodar. 2020. Coal Gasification: To Fast Track India’s Economic Prosperity. New Delhi: DRI Update - Sponge
Iron Manufacturers Association. http://www.spongeironindia.com/images/publications/DRI-UPDATE per
cent2oNovember per cent202020.pdf.



Mueller-Langer, F., E. Tzimas, M. Kaltschmitt, and S. Peteves. 2007. “Techno-economic assessment of hydrogen
production processes for the hydrogen economy for the short and medium term.” International Journal of
Hydrogen Energy 32(16): 3797-3810.

Nayak-Luke, Richard Michael, and René Bafares-Alcantara. 2020. “Techno-economic viability of islanded green
ammonia as a carbon-free energy vector and as a substitute for conventional production.” Energy and
Environmental Science 13: 2957-2966.

NREL. 2019. “Battery Storage.” Accessed February o4, 2021. https://atb.nrel.gov/electricity/2019/index.html?t=st.

Parkinson, B., P. Balcombe, J. F. Speirs, A. D. Hawkes, and K. Hellgardt. 2019. “Levelized cost of CO, mitigation from
hydrogen production routes.” Energy and Environmental Science 12: 19-40.

Pfenninger, Stefan, and lain Staffell. 2016. “Long-term patterns of European PV output using 30 years of validated
hourly reanalysis and satellite data.” Energy 114: 1251-1265.

Renewable Ninja. 2020. “Renewable Ninja.” Accessed October 15, 2020. https://www.renewables.ninja/.

PIB 2019. Production of Steel. 01 July. Accessed July 06, 2021. https://pib.gov.in/PressReleasePage.
aspx?PRID=1576418.

PIB. 2020. “MNRE: YEAR END REVIEW-2020.” December 31. Accessed March 24, 2021. https://www.pib.gov.in/
PressReleseDetailm.aspx?PRID=1685046.

PPAC. 2020. “Petroleum Planning & Analysis Cell.” Accessed April 21, 2021. http://www.ppac.gov.in > HN_
conversion_factor.

PricewaterhouseCoopers (PWC). 2019. The Indian steel industry: Growth, challenges and dlgztal dzsruptzon New Delhi:
PricewaterhouseCoopers. https:

growth-challenges-and-digital-disruption. pdf

PTI. 2021. NMDC hikes lump ore price by Rs 700 per tonne; fines by Rs 1,500 per tonne. 12 May. Accessed June 06, 2021.
https://www.business-standard.com/article/companies/nmdc-hikes-lump-ore-price-by-rs-700-per-tonne-fines-
by-rs-1-500-per-tonne-121051200886_1.html.

Rajesh, J. K., Santosh K. Gupta, G. P. Rangaiah, and Ajay K. Ray. 2000. “Multiobjective Optimization of Steam
Reformer Performance Using Genetic Algorithm.” Industrial & Engineering Chemistry Research 39(3): 706-717.

Rubin, Edward S., Inés M.L. Azevedo, Paulina Jaramillo, and Sonia Yeh. 2015. “A review of learning rates for
electricity supply technologies.” Energy Policy 86: 198-208.

Santangeloa, Paolo E., and Paolo Tartarini. 2018. “Effects of load variation and purge cycles on the efficiency of
Polymer Electrolyte Membrane Fuel Cells for stationary applications.” Journal of Renewable and Sustainable
Energy 10: . 014301

Sarangi, Arabinda, and Bidyapati Sarangi. 2011. Sponge Iron Production in Rotary Kiln. New Delhi: PHI Learning Pvt.
Ltd.

Schmidt, O., A. Hawkes, A. Gambhir, and I. Staffell. 2017. “The future cost of electrical energy storage based on
experience rates.” Nature Energy 2: 1-8.

Schoenung, Susan. 2011. Economic Analysis of Large-Scale Hydrogen Storage for Renewable Utility Applications.
New Mexico: Sandia National Laboratories. https://prod-ng.sandia.gov/techlib-noauth/access-control.
cgi/2011/114845.pdf.

Shah, Ruchita, Nikhil Sharma, Meghna Nair, Shreyas Garg, and Gagan Sidhu. 2021. CEEW-CEF market handbook.
New Delhi: Council on Energy, Environment and Water.

Staffell, Ian, and Richard Green. 2013. “The cost of domestic fuel cell micro-CHP systems.” International journal of
hydrogen energy 1088-1102.

Steelonthenet. 2020a. “BF-BOF Cost Model.” Accessed July 14, 2020. https://www.steelonthenet.com/cost-bof-2019.
html.


https://www.renewables.ninja/
https://pib.gov.in/PressReleasePage.aspx?PRID=1576418
https://pib.gov.in/PressReleasePage.aspx?PRID=1576418
https://www.pwc.in/assets/pdfs/consulting/technology/the-indian-steel-industry-growth-challenges-and-digital-disruption.pdf
https://www.pwc.in/assets/pdfs/consulting/technology/the-indian-steel-industry-growth-challenges-and-digital-disruption.pdf

Steelonthenet. 2020b. “EAF Cost Model.” Accessed July 14, 2020. https://www.steelonthenet.com/cost-eaf.html.

Steelonthenet. 2021. “Capital Investment Costs - electric arc furnace.” Accessed June 09, 2021. https://www.
steelonthenet.com/capital-investment/eaf.html.

Stel, Jan van der, Koen Meijer, Stanley Santos, Pieter Broersen, Juliana Garcia, Maartje Feenstra, Peter van Os, et al.
2018. HIsarna - Demonstrating low CO, ironmaking at pilot scale. Utrecht: Tata Steel, 1-27.

The World Bank. 2020. “Research and development expenditure (per cent of GDP).” Accessed July 20, 2020. https://
data.worldbank.org/indicator/GB.XPD.RSDV.GD.ZS.

Thyssenkrupp. 2019. “World first in Duisburg as NRW economics minister Pinkwart launches tests at thyssenkrupp
into blast furnace use of hydrogen.” November 11. Accessed June 09, 2021. https://www.thyssenkrupp-steel.
com/en/newsroom/press-releases/world-first-in-duisburg.html.

Thyssenkrupp. 2021. “Injection of hydrogen into blast furnace: thyssenkrupp Steel concludes first test phase
successfully.” February 2021. Accessed Aril 30, 2021. https://www.thyssenkrupp-steel.com/en/newsroom/press-
releases/thyssenkrupp-steel-concludes-first-test-phase-successfully.html

TSL. 2019. Integrated Report and Annual Accounts. Mumbai: Tata Steel. https://www.tatasteel.com/media/9238/tata-
steel-ir-2018-19-220619.pdf.

TSL. 2020. HIsarna - Building a sustainable steel industry. Tata Steel. https://www.tatasteeleurope.com/ts/sites/
default/files/TS per cent2oFactsheet per cent2oHisarna per cent20ENG per cent20jan2020 per cent2oVfinalo3
per cent204 per cent2opag per cent2odigital.pdf.

Ulleberg, @ystein. 2003. “Modeling of advanced alkaline electrolyzers: a system simulation approach.” International
Journal of Hydrogen Energy 28(1): 21-33.

Vogl, Valentin Sanchez, F Gerres, T Lettow, A Bhaskar, C Swalec, G Mete, M Ahman, et al. 2021. “Green Steel Tracker,
Version 04/2021.” Accessed June 10, 2021. www.industrytransition.org/green-steel-tracker.

Vogl, Valentin, Max Ahman, and Lars J. Nilsson. 2018. “Assessment of hydrogen direct reduction for fossil-free
steelmaking.” Journal of Cleaner Production 203: 736-745.

Wang, R.Q., L. Jiang, Y.D. Wang, and A.P. Roskilly. 2020. “Energy saving technologies and mass-thermal network
optimization for decarbonized iron and steel industry: A review.” Journal of Cleaner Production 274: 122997.

WorldSteel. 2020. World Steel in Figures. Brussels, Belgium: Worldsteel Association. https://www.worldsteel.org/en/
dam/jcr:f7982217-cfde-4fdc-8bao-795ed807f513/World per cent2520Steel per cent2520in per cent2520Figures per
cent25202020i.pdf.

WorldSteel. 2021. Electrolysis in ironmaking. Brussels, Belgium: WorldSteel Association. https://www.worldsteel.org/
zh/dam/jcr:5684bdc7-921b-4492-9726-c6a7fgofg4do/Electrolysis_vf.pdf.

Worrell, Ernst, Lynn Price, Maarten Neelis, Christina Galitsky, and Zhou Nan. 2008. World Best Practice Energy
Intensity Values for Selected Industrial Sectors. California: Ernest Orlando Lawrence Berkeley National
Laboratory.

Yadav, Deepak, and Rangan Banerjee. 2018. “Economic assessment of hydrogen production from solar driven high-
temperature steam electrolysis process.” Journal of Cleaner Production 183: 1131-1155.

Yilmaz, Can, Jens Wendelstorf, and Thomas Turek. 2017. “Modeling and simulation of hydrogen injection into a blast
furnace to reduce carbon dioxide emissions.” Journal of Cleaner Production 154: 488-501.



Annexures

Annexure |

Table A1 shows the material-energy balance of the hydrogen-direct reduced iron (H-DRI) +

electric arc furnace (EAF) plant for producing green steel. The stream numbers are identified
in Figure 3. The material-energy balance is indicated for a typical operating hour of the plant
with a wind-solar hybrid (WSH) plant in Bellary for the year 2020.

Table A1 Material-energy balance for the hydrogen-based direct reduced ore + electric arc

furnace plant

Stream
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Hydrogen
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Hydrogen

Water

Oxygen
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Ferroalloys
Electrode

Slag
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Tank
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Hydrogen storage
Mixer

Splitter

Splitter

Heat exchanger
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Induction heater
Shaft furnace
Heat exchanger
Cooler
Separator
Separator
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Storage

Storage

Storage

Storage

Storage
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Mixer
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Hydrogen splitter
Heat exchanger
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Table A2 lists the break-up of power consumption for the H-DRI + EAF plant. The power
balance is indicated for a typical operating hour of the plant with a WSH plant in Bellary for
the year 2020.

We see that more than the bulk of the renewable electricity is consumed in the electrolyser
followed by the EAF and heaters. The streams are identified in Figure 3.

Point From To Power (MW) Energy per tonne
Steel (MWh/
Power
tonne)

consumption for
a-1 Solar Power converter 479.86 8.18

the hydrogen-
a-2 Wind Power converter 4314 0.74 based direct
a-3 Grid power Power converter 0 0 reduced ore +
b-1 Power converter Iron ore heater 16.48 0.28 electric arc furnace
b-2 Battery/FC Iron ore heater 0 0 plant
c-1 Power converter Shaft 11.25 0.19 Source: Authors’ analysis
c-2 Battery/FC Shaft 0 0
d-1 Power converter EAF 44.65 0.76
d-2 Battery/FC EAF 0] 0]
e-1 Power converter Electrolyser 255.65 4.36
e-2 Battery/FC Electrolyser 0 0
f-1 Power converter Hydrogen heater 1.47 0.03
f-2 Battery/FC Hydrogen heater 0 0
i Power converter Battery 172.57 294
g Battery Power converter 0 0]

FC Power converter (0] (0]

Typical chemical reactions modelled in the hydrogen-based direct reduced ore + electric arc

furnace process:

A. Chemical reactions in electrolyser:

1 kf (A1)
Ha0 ; H- = AH = +242 —
20(gas) — z+2 2 + ol
B. Chemical reactions in DRI furnace:
k
Fe,0; + 3H, — 2Fe + 3H,0(gas) AHR = +=;9_5—’rI (A2)
miao

Fe,0y + 3H, = 2Fel + H,0(gas)

(A3)



Figure A1 shows the likely decrease in costs of various components across the green
hydrogen value chain in the future. The projected cost of a component depends on the
historical learning rates and the expected cumulative production capacity in the future.

The learning rate primarily refers to the percentage reduction in unit costs for doubling of
cumulative production or capacity (Chawla, Aggarwal, and Dutt 2020). The price of solar
photovoltaic modules has historically decreased at a rate of 18-22 per cent (IRENA 2016;
Schmidt et al. 2017). In India, the cost of balance of plant components has decreased at a rate
of 17 per cent (Elshurafa et al. 2018), which is consistent with the global trend (Schmidt et

al. 2017). Unlike the module and inverter costs, factors like land and facility charges are not
expected to change over the years. Therefore, considering all aspects, we expect the costs of
utility-scale solar photovoltaic systems to decrease at a rate of 15.5 per cent, in line with the
earlier estimates for India (Chawla, Aggarwal, and Dutt 2020). For wind systems, there is a
wide range of learning rates that vary from 7-23 per cent (Rubin et al. 2015). The levelised cost
of electricity (LCOE) for onshore wind systems reduced by 12 per cent between 1983 and 2014
(IRENA 2017h). In the previous decade (2010-2020), the learning rate of wind systems was 19
per cent (Hydrogen Council 2020). In this study, we consider a learning rate of 17.4 per cent
for wind systems, which is within the range of studies mentioned above. This value is also
consistent with the learning rate obtained from the expected average cost reductions and
cumulative installed capacities of wind systems in the future (IRENA 2019).

Learning rates of various components in the green hydrogen plant

1800 1
1600 1 2020
Fuel cell
1400 LR = 17%
=
2 1200
y
=
X
g 1000 1
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2 | Wind system
S 800 LR=17%
(%]
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2040
>
AE | | 2050 2020 PV sytem
400 1 LR=19% 2040 LR = 16%
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0
1 10 100 1000 10000
Cumulative Installed Capacity (GW/GWh)
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Source: Authors’ analysis



The global installed capacity of electrolysers used in power-to-X (PtX) systems today is 0.2
GW (IRENA 2020) with an expected learning rate of 9-13 per cent in the future (Hydrogen
Council 2020). However, fundamentally, water electrolysis is very similar to hydrogen
production in the Chlor-alkali industry (IRENA 2020). Today, the total installed capacity of
electrolysers (inclusive of Chlor-alkali industry) is approximately 20 GW with a historical
learning rate of 18.7 per cent (Schmidt et al. 2017).Therefore, in this study, we consider that
the costs of AEs will reduce with a learning rate of 18.7 per cent in the future. Based on the
average projected costs in the future for various years (IEA 2019), we estimate the cumulative
production capacities needed to meet the cost targets. The learning rates and cumulative
production capacities of lithium-ion batteries are widely discussed in the literature. We
estimate the future costs of battery systems from the literature (Frazier and Will 2019) and
indicate the future capacity targets needed to meet the cost targets based on learning rates
(Schmidt et al. 2017). The historical learning rate of residential combined heat and power
systems has been 16 per cent (Schmidt et al. 2017) with a 20 per cent contribution to the
overall costs from the FC (Staffell and Green 2013). With these assumptions, the 2015 cost

of an FC is 3500 USD/kW. This is in line with other estimates (IEA 2015). However, in the
literature, there are no estimates on the cumulative installed capacity in 2020. Studies
indicate an FC cost of 1600 USD/KW (IEA 2019), which corresponds to an installed capacity of
2.8 GW assuming a learning rate of 16 per cent from 2015-2020. Here, we consider a learning
rate of 16 per cent and an installed capacity of 2.8 GW to project the cost reductions in the
future. Our FC prices for the future years are consistent with other studies (IEA 2015; [EA
2019; CSIRO 2018).

Table A3 lists the cost, life, and efficiency-related assumptions for the green steelmaking
plant. The maintenance costs as a percentage of the total cost are indicated in Table A4.

Sr.
No.

1
2

Parameter

Compressor cost

Proton-exchange
membrane fuel cell
(PEMFC) - Stack
Cost as % of Total
Cost

AE - Stack Cost as
% of Total Cost

PEMFC - BoP Cost
as % of Total Cost

AE - BoP Cost as %
of Total Cost

Power Converter

Electric heater
efficiency

Demand charges
for grid power

Unit

USD/kw
USD/kW

USD/kwW

%

%

Years

%

USD/kVA

2020

1200
50%

45%

50%

55%

12.5
87%

2030 2040
1200 1200
50%  50%
45% 45%
50%  50%
55% 55%
12.5 12.5
87% 87%
29 29

2050

1200
50%

45%

50%

55%

12.5
87%

29

Source
Cost and life
Fuetal. (2010) assumptions for
IEA (2015) the hydrogen-
based steelmaking
unit

Source: Authors’
IRENA (2020) compilation

IEA (2015)

IRENA (2020)

Hinkley et al. (2016)
COINDIA (2015)

KERC (2021b)




Sr. No. Maintenance

1 Solar

2 Wind

3 AE

4 Power converter
5 Storage

6 Battery

7 PEMFC

8 Shaft furnace
9 EAF

Operation

10 DM Water Cost

Unit

%

%
%

Yo
Yo

%o
Yo
%o

%

USD/tonnes

2020
10

25
5.0
3.0

3.0

1.25

2030
10

2.5
5.0
3.0

3.0

1.25

2040 2050
10 10
2.0 2.0
3 2

2 2

1 1
25 2.5
5.0 5.0
3.0 3.0
3.0 3.0
1.25 125

Source

Mallapragada et al.
(2020)

Hiendro et al. (2013)

Buttler and Spliethoff
(2018)

Fu et al. (2010)

Mallapragada et al.
(2020)

NREL (2019)
IEA (2015)

Vogl, Ahman, and
Nilsson (2018)

Vogl, Ahman, and
Nilsson (2018)

Fu et al. (2010)

Table A5 shows the material consumption in the shaft furnace and EAF unit. The costs of
various raw materials are indicated in Table A6. Based on the relative costing of iron ore fines
and lump ore (PTI 2021) and cost of converting fines to pellets (Ferrexpo 2017), we consider a

premium of 9 USD/tonne for iron ore pellets compared to lump ore used in blast furnaces and

rotary kiln.
Sr. No. Component Unit Value Reference
1 Scrap blend ratio % 15 Authors' assumption
2 DRI metallisation % 92 Authors' assumption
3 Ferro alloy consumption kg/TCS 16 Authors' assumption
4 EAF coke consumption kg/TCS 12 Steelonthenet (2020a)
5 Electrode consumption kg/TCS 2 Steelonthenet (2020a)
Sr.No. Component Unit Value Reference
1 Grid electricity cost ~ $/MWh 102 KERC (2021b)
2 Iron ore cost S/Tonne 86.5 Steelonthenet (2020b)
3 Scrap steel price $/Tonne 274 Steelonthenet (2020b)
4 Flux price S/Tonne 48.5 Steelonthenet (2020b)
5 Oxygen price $/Tonne 40 Chandler C. Dorris (2016)
6 Electrode price S/Tonne 9500 Steelonthenet (2020a)
7 Ferro alloy price $/Tonne 1100 Steelonthenet (2020b)
8 Coke price S/Tonne 250 Department of Commerce (2020)

Table A7 shows the parameters considered for the techno-economic analysis of coal- and
gas-based DRI production processes. For fossil-based processes, we use capital costs of the
rotary kiln (RK) and shaft furnace from the literature (Atibir Industries 2018; IEA 2010) and
adjust it for inflation. The cost of the EAF route for making steel from DRI is obtained from

Annexures

Maintenance cost
assumption for the
hydrogen-based
steelmaking unit

Source: Authors’
compilation

Material
consumption in the
shaft furnace and
electric arc furnace
units

Source: Authors’
compilation

Cost of raw
material consumed
in the shaft furnace
and electric arc
furnace unit

Source: Authors’
compilation
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the literature (IEA 2010; Steelonthenet 2020a). Based on data from the literature (CPCB 2007)
and annual survey of industries (Gupta et al. 2019), we consider a coal cost of 2.2-5.87 USD/
MMBtu and a specific coal consumption of 0.86-1.2 Tonnes/Tonne of DRI. Similarly, for
natural gas (NG)-based sponge iron making, we consider a gas price of 6.7-13.5 USD/MMBtu
and energy intensity of 10.7-13.7 GJ/T-DRI (HHV basis). We consider iron ore consumption of
1.58 tonne/tonne of DRI for coal and gas based processes.

Sr. No.
1

O U A~ W

~

10

Component
RK cost

Specific coal consumption
in RK process

Coal cost
Heating value of coal
NG Shaft furnace cost

NG process energy
intensity

NG price

Electricity output from the
DRI plant

Electricity consumption in
the shaft furnace

Grid power price

Unit
USD/ t-DRI
Tonne/t-DRI

USD/MMBtu
MJ/kg
USD/t-DRI
GJ/t-DRI

USD/MMBtu

kwWh/t-DRI

kwh/t-DRI

INR/KWh

Value
61
0.86-1.2

2.2-5.87
217
228
10.7-13.7

6.7-13.5

300

120

3-76

Reference
Atibir Industries (2018)

CPCB (2007); Gupta et al.
(2019)

Gupta et al. (2019)
Industry sources
Duarte (2004); IEA (2010)

Chatterjee (2012); IETD
(2020)

Gupta et al. (2019)

Agrawal, Sahoo, and
Mohanty (2015); Chatterjee
(2012); Worrell et al. (2008)

Chatterjee (2012); Sarangi
and Sarangi (2011)

KERC (2021b)

Table A8 and Table Ag show the open-access tariff in India for solar and wind power
transport with an injection tariff for 3 INR/kWh (40 USD/MWh), respectively.

Injection Tariff (INR/kWh)

Gujarat Rajasthan Karnataka MP

3 3
Withdrawal Odisha C* 485 5.45
Tariff (INR/ »
kWh) TP* 4.85 5.45

Chhattisgarh C 6.71 736

TP 671 7.36

Jharkhand C 5.21 5.82

TP 521 5.82

Karnataka C 594 6.59

TP  6.24 6.89

Injection States

Solar (INR/kWh)

3
5.46
5.46
732
7.32
5.82
5.82
4.25
491

Telangana Maharashtra

3 3 3
441 4.04 5.36
485 4.04 5.36
6.22 5.81 7.23
6.68 5.82 7.23
476 4.38 573
521 4.38 573
544 5.03 6.43
5.82 534 6.73

C* and TP* are Captive and Third-Party cost, respectively.

Parameters for
techno-economic
analysis of coal-
and gas-based DRI
processes

Source: Authors’
compilation

Open-access tariffs
in India for solar
power

Source: CEEW-CEF
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Injection Tariff (INR/kWh) Injection States

Wind (INR/kWh) Open-access tariffs

Gujarat Rajasthan Karnataka MP Telangana Maharashtra in India for wind

power
3 3 3 3 3 3
Withdrawal Odisha C* 494 5.45 5.46 441 4.04 5.36 Source: CEEW-CEF
Tariff (INR/ .
kwh) TP* 494 5.45 5.46 485 4.04 5.36
Chhattisgarh C 6.8 7.36 7.32 622 581 7.23
TP 68 7.36 7.32 6.68 5.81 7.23
Jharkhand c 701 7.54 75 6.44 6.05 7.42
TP 694 7.48 7.44 6.83 599 7.36
Karnataka C 605 66 427 545 505 6.44
TP 635 6.9 457 621 535 6.74

C* and TP* are Captive and Third-Party cost, respectively.

The water footprint of solar electricity is 400 Litres/MWh (Jin et al. 2019). Table A1o lists the
land requirement for various components of the green steel plant.

Sr. Component Land Area  Unit Reference Land requirement
No.
for green steel
1 Wind 9 MW per sg. km  Deshmukh et al. (2018) plants in India
2 Solar photovoltaic (PV) 30 MW per sg. km  Deshmukh et al. (2018)
Source: Authors’
3 Battery Storage 12900 MWh per sq. km  Aurecon (2020); Hornsdale (2020) compilation
4 AE 5882.3 MW per sq. km  IRENA (2020)
5 Stationary FC 2471 MW per sqg. km FCHEA (2020)

Table A11 and Table A12 list the assumptions considered for the techno-economic analysis of
hydrogen production from NG and coal gasification routes, respectively.

Sr. Component Unit Cost Reference

No. Assumptions for

1 Plant capacity Tonnes per hour 1 Authors' assumption analysis of the
TPH
(TPH) steam methane

2 SMR Unit capital cost Million USD/TPH  40.5 IEAGHG (2017) reforming (SMR)

3 Operation and Maintenance per cent of capital 1.5 IEAGHG (2017) process

cost (O&M) cost
. . Source: Authors’
4 Life of SMR unit Years 25 IEAGHG (2017) compilation
5 Heating value of NG used in MJ/kg (LHV) 49,5 PPAC (2020)

the reformer
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Sr.

No.

10

1
12

13

Component

Specific NG consumption

Electricity export from the
SMR unit

NG price
Chemical and catalyst cost

Scaling factor for the SMR
unit

Plant availability

Emission footprint of grey
hydrogen

Emission footprint of Indian
grid

Unit

kg NG/kg of H,
kWh/kg of H,

USD/MMBtu
USD/kg of H,

Hours in a year

kg CO,/kg of H,

kg CO,/kWh

Cost

3.2
11

135
0.01
0.8

8322
10.7

0.78

Reference

IEAGHG (2017)
IEAGHG (2017)

Authors' assumption
IEAGHG (2017)
ECN (2020)

IEAGHG (2017)
Parkinson et al. (2019)

CEA (2020)

Table A12 Assumptions for analysis of the coal gasification process

Sr.
No.

1

10
11

12

Component
Plant capacity
Capital cost of the coal

gasification plant

Oo&M

Life of coal gasification plant

Heating value of coal used in

the gasifier
Specific coal consumption

Electricity export from the
SMR unit

Coal cost

Scaling factor for the plant
Plant availability

Emission footprint of black
hydrogen

Emission footprint of Indian
grid

Unit
Tonnes per hour

(TPH)
Million USD/TPH

per cent of capital
cost

Years

MJ/kg (LHV)

kg coal/kg of H,
kWh/kg of H,

Paise/Mcal (USD/
MMBtu)

Hours in a year

kg CO,/kg H,

kg CO,/kWh

Cost

96.3

4.6

20
29

8.9
3.19

108
(3.45)

0.7
8322
19.7

0.78

Reference

Authors' assumption

Mueller-Langer et al. (2007)

Mueller-Langer et al. (2007)

Mueller-Langer et al. (2007)
Mueller-Langer et al. (2007)

Mueller-Langer et al. (2007)
Mueller-Langer et al. (2007)

Authors' assumption

Lau et al. (2002)
Authors' assumption

Parkinson et al. (2019)

CEA (2020)

Source: Authors’ compilation

For a 0.5 MTPA hydrogen-based steelmaking unit, the size of the SMR and coal gasification
plant ranges from 0.15 TPH to 2.8 TPH. For our analysis, we consider the cost of producing
fossil hydrogen for a plant size of 1 TPH. Figure A2 shows the cost distribution for hydrogen
obtained from SMR and coal gasification routes for a 1 TPH system. The costs are indicated
without considering any benefits derived from the electricity generated in the plant as a by-
product. We see that the cost of SMR derived hydrogen significantly depends on the fuel cost



(price of NG), whereas for the coal gasification process, the plant’s capital cost is the primary
driver for hydrogen production cost.

LCOH (USD/kg)

3.00-

2.50

2.00+

1.50 1

1.00+

0.501

0.00

[ Capital

SMR

|| Maintenance

7 Fuel

Coal gas
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Figure A2
Hydrogen
production

cost from coal
gasification and
SMR process for a
1TPH system

Source: Authors’ analysis
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