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ABSTRACT

Decarbonizing current conventional and fossil fuel-based steel and power sectors is crucial
for the sustainable development of the industrial sectors in the future. In the steel sector, several
research works, and pilot projects are ongoing to transform the Direct Reduction Iron Ore —
Electric Arc Furnace route into the Hydrogen Direct Reduction Iron Ore — Electric Arc Furnace
route. On the other hand, there are various research works and projects investigating the stable
operation of existing gas turbine units with ammonia and hydrogen fuel blends. The present study
focuses on three clusters of research works. Firstly, the optimization of iron ore reduction with
hydrogen fuel in a laboratory condition to achieve stoichiometric values for the route. In the second
part of the research works, four scenarios with different fuel blending options are applied to
existing gas turbine units with an installed capacity of 7.6 MW. In the third part of the current
studies, technical and economic comparisons of the steel and power sectors are investigated under
the use of 100% hydrogen fuel instead of conventional fuel, and the effect of using each 1 kg of
hydrogen in the sectors is analyzed.

The first part of the research work aims to evaluate the energy and mass balance of the
Hydrogen Direct Reduction Iron — Electric Arc Furnace route to identify optimal energy utilization
and achieve stoichiometric hydrogen consumption per ton of liquid steel (tls) production under
laboratory conditions. The route used 54.00 kg of H> and 2.68 MWh to reduce 1,428.00 kg of
Fe>O3 and produce 1 tls. The experiments were conducted at temperatures of 750, 760, 770, 780,
790, and 800 °C, using 2.3622 g of Fe2O3, 1 L/min of Hz, 0.001 MPa, and residence times of 1, 2,
3,3.5,4,5,7, 10, and 15 minutes. Specifically, an experiment using two samples, each containing
2.3622 g of Fe»03, at 770 °C, 0.001 MPa, with a residence time of 7 minutes and 1 L/min of Ha,
resulted in reduction yields of 99.7 % and 99.33 %. Another experiment, using a single feedstock
and a residence time of 3.5 minutes under the same conditions, yielded an 85.71% reduction. In
conclusion, an approach utilizing 4.7244 g of Fe>Os and a residence time of 7 minutes at 770 °C
demonstrated a higher reduction yield compared to the one using 2.3622 g of Fe,Oz with a
residence time of 3.5 minutes.

In the second part of the research, the effects of fuel blends comprising ammonia and
hydrogen on the technical, economic, and environmental indicators of an existing 7.6 MW output
power gas turbine unit were investigated and analyzed. Four models, each with different fuel-
blending options, were designed using Aspen HYSYS and Ansys®Chemkin Pro to analyze the
technical and chemical processes. The fuel blends for Scenarios 1, 2, 3, and 4 were 100% natural
gas (NG), 30% ammonia (NH3) and 70% NG, 30% hydrogen (H>) and 70% NG, and 30% NH3,
30% Ho», and 40% NG, respectively. Based on the technical and CO; emission values of each model
developed in Aspen HYSYS, the focus was on Scenario 4 with ammonia and hydrogen co-firing.
This scenario exhibited the highest electric efficiency (36.63%) and the lowest CO> emissions
(3,979.00 kg CO2/h) but had higher costs (0.19 $/kWh) for generated electricity compared to other
scenarios. Economic evaluations of all scenarios provided a clear understanding of each fuel cost
and Levelized Cost of Electricity (LCOE). Initially, Scenario 2, with ammonia co-firing, appeared
to be an attractive option for further implementation. However, detailed analyses of the combustion
process in each model dramatically changed the final decision and provided a good reason to focus
on hydrogen fuel, which significantly reduced NOx emissions. In conclusion, Scenario 3 with
hydrogen co-firing demonstrated attractive performance and favorable combustion kinetics.
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In the third part, three clusters of research works were conducted. In the first cluster, the
mass and energy balance of the existing metallurgical complex based on the Tebinbulak mine were
calculated and identified. In the second cluster, an existing gas turbine unit was selected for the
complete replacement of natural gas with hydrogen, finding the most optimal mass and energy
balance in the cycle through the Aspen HYSYS model. Additionally, chemical kinetics in the
hydrogen combustion process were simulated using Ansys®Chemkin Pro to research emissions.
In the last cluster, a comparative economic analysis was conducted to identify the levelized cost
of production of the route and the levelized cost of electricity of the cycle. Findings in the
economic analysis provided good insight into the details of capital and operational expenditure of
each industrial sector, helping understand the impact of consuming each kg of hydrogen in the
plants. The outcomes of this study serve as a solid foundation for future research works aimed at
reducing the cost of hydrogen-based steel and power sectors. Moreover, the results of this study
can also assist ongoing large-scale hydrogen and ammonia projects in Uzbekistan in designing
novel hydrogen-based industries with cost-effective solutions.

Considering all the findings, in the case of Uzbekistan, there is limited opportunity to apply
hydrogen in the steel manufacturing sector due to the unavailability of a suitable steel plant route
at this moment. Most available steel manufacturing can be put into operation by 2027. On the other
hand, the power sector in Uzbekistan has several gas turbine units in operation with a capacity
ranging from 7.6 MW to 650 MW. An additional and alternative fuel to the gas turbine can be
ammonia, but significant NOx emissions are a challenging point to replace natural gas. Therefore,
in the short term, hydrogen combustion can be a potential option for replacing natural gas in the
power sector. In both cases, the capital and operational expenditure of electrolyzer, compression,
and storage units exceed the investment cost of target technologies. Instead of producing, storing,
and compressing hydrogen fuel on project sites, it is also feasible to import hydrogen fuel from
sellers for the successful implementation of 100% hydrogen-based steel and power plants. On the
other hand, water scarcity in the region makes it challenging to produce hydrogen with electrolyzer
units on-site. Alternatively, a large-scale hydrogen production project in Kazakhstan can be the
optimal solution to meet the hydrogen consumption demand of each project. However, hydrogen
transportation for long distances is not feasible at this moment, and ammonia can be a potential
hydrogen carrier, which also requires energy for cracking it after transportation to a project site.
Taking into consideration all conditions, 30% hydrogen co-firing in the selected gas turbine
technology is possible to implement and meet all emission regulations set by the manufacturer.
The reason for this ultimate statement is the possibility of meeting the required amount of hydrogen
and the operation of all existing parts, including the combustor of the gas turbine. In any case,
electrolyzer, compression, and storage units are required.
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Chapter 1. General Introduction

1.1Background

The ongoing global warming, climate change, and depletion of natural resources
worldwide have compelled humanity to seek environmentally friendly approaches to decarbonize
existing industrial sectors, ensuring their sustainability in the coming decades. Figure 1 illustrates
global greenhouse gas emissions by sectors, with energy sectors contributing 73.2%.[1].
Examining emissions from the energy sector, both iron & steel and fuel combustion in power
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Figure 1. Global Greenhouse gas emission by sector, Source: Climate Watch (2020)
sectors contribute 7.2 % and 7.8 %, respectively, to total industrial emissions. To address emissions
from these industrial sectors, various decarbonization approaches are being implemented and
developed to achieve full-scale decarbonization, aiming to replace fossil fuel-based industries. For
example, Vercammen discussed potential approaches such as applying carbon capture and storage
(CCS) units to existing conventional steel-making plants and advancing the development of
hydrogen direct reduction iron ore — electric arc furnace (HDRI-EAF) route-based steel-making
plants for the future. Additionally, it was noted that conventional steel-making plants emit 1.8
metric tons of CO» to produce 1 metric ton of steel. [2].

In the power sector, renewable energy technologies have become more affordable,
experiencing a cost drop of up to 80% in solar technologies and 40% in wind energy technologies.
However, the output of solar and wind energy technologies depends on meteorological parameters,
leading to fluctuations in output power and, consequently, impacting the power grid stability [3].
Finkelstein et al. reported the possibility of addressing excess energy generated by renewable
energy technologies (e.g., solar, wind, etc.) through the promotion of Power to Gas to Power
(P2G2P). This involves producing green hydrogen for industrial sectors, with the potential to
decarbonize by using hydrogen as a reducing agent in the steel sector or directly combusting it in
power units [3]. Currently, hydrogen fuel is primarily utilized by chemical industries for producing
ammonia and refining petroleum. The available technology for hydrogen production (grey
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hydrogen) now is based on the Steam Methane Reforming (SMR) method, which uses natural gas
as a feed material and produces CO2 as a by-product. Kurrer reported that the current cost of 1 kg
of grey hydrogen ranges from 1.5 to 2.0 euros, based on the cost of natural gas in the European
market. On the other hand, green hydrogen production with renewable sources is priced between
3.6 and 5.3 euros per kg of Ho, with future perspectives aiming to reduce it to 1.8 euros/kgH> by
2030 [4]. Global hydrogen consumption, as reported by the International Energy Agency (IEA),
reached 95 million tons in 2022. Figure 2 illustrates the worldwide use of hydrogen across various
industrial sectors and regions during the same year. Most of the hydrogen produced using
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Figure 2. Global hydrogen use by sectors and regions in 2022, Source: IEA (2023)

conventional methods, such as Steam Methane Reforming (SMR), was utilized in petroleum
refining and other industries, including the ammonia industry. However, there is an anticipated
increase in global hydrogen production to approximately 150 million tons per year by 2030, with
nearly 40% of this coming from new production methods. In terms of regional consumption, China
led the way, accounting for 29% of the global hydrogen consumption in 2022 [5].

In terms of ammonia-based decarbonization initiatives, JERA reported the successful
operation of the first commercial ammonia co-firing in a coal-fired power plant in Japan. This
plant employs ammonia for combustion, substituting 20% of the coal in its fuel mix. As a result,
it achieves a 20% reduction in CO; emissions from the coal-fired power plant. JERA has outlined
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plans to further increase the ammonia share, aiming for 50-60% in the fuel mixture. Consequently,
ammonia is emerging as a promising decarbonizing fuel for the power sector in the future [6]. It
was reported that global ammonia production is approximately 200 million tons per year, and most
of it goes to fertilizer production, accounting for more than 70% of total production. Currently,
there are two main methods of producing ammonia in the world: blue and green ammonia
production options (Figure 3) [7]. Blue ammonia, produced from fossil fuels, accounts for more
than 96% of the total ammonia produced worldwide. Currently, 70% of globally produced
hydrogen through the Steam Methane Reforming process is used for ammonia production.
Therefore, the production of blue ammonia emits 2.5-2.9 kg COz-eq/kg NH3. From an economic
perspective, the cost of producing 1 ton of ammonia can reach 500 USD when the source material,
hydrogen, costs 2.5 USD/kg. Otherwise, conventional ammonia and hydrogen production costs
are at 0.38 USD/kg NH3 and 2.00 USD/kg H», respectively [8]. If the energy content of 1 kg of
ammonia is 18.6 megajoules (MJ) and 1 kg of hydrogen has 120 MJ, then the cost of ammonia per
1 kg at 0.38 USD will be reasonably proportional to the cost of 1 kg of hydrogen at 2.5 USD [9].
Shah reported the cost of green hydrogen at USD 5.5 per kg, and this cost can decrease to 3 USD
in countries with good solar irradiation and resources. In comparison, the cost of grey hydrogen
amounted to 2.00 USD per kg [10]. The terminologies such as “grey”, “blue” and “green” for each
fuel (i.e., hydrogen and ammonia) describe Steam Methane Reforming (SMR) based process, SMR
including carbon capture and storage (CCS), and electrolyzer based process, respectively. In the
case of SMR process, natural gas and steam are reacted under catalytic conditions to produce
hydrogen (H>) and carbon monoxide (CO) [11].

Equation 1. Steam Methane Reforming process.

CH, + H,0 - CO + 3H, (1)

The mixture of product gas will then need to be sent to the water-gas shift reaction to increase the
yield of hydrogen by converting carbon monoxide to hydrogen gas.
Equation 2. Water-gas shift reaction.

CO + H,0 - CO, + H, 2)

Up to this stage, grey hydrogen is produced. To produce grey ammonia, the next stage involves
synthesizing ammonia in a Haber-Bosch reactor, which combines the produced hydrogen and
nitrogen from the air under high pressure (200-300 atmospheres) and high temperature (400-
500 °C) conditions with an iron-based catalytic process. Up to this stage, grey hydrogen and
ammonia are produced for further utilization. If additional carbon capture and storage units are
included in each process, the processes of ammonia and hydrogen can be considered a 'blue'
process. To decarbonize grey hydrogen and grey ammonia production, it is possible to produce
green hydrogen from an electrolyzer unit by splitting water into hydrogen and oxygen. This will
also utilize electricity from renewable energy sources to power the entire process [12]. Ultimately,
the use of renewable electricity for hydrogen production serves as the starting point for the green
hydrogen and green ammonia production processes. It is forecasted to achieve 2 USD/kg of green
H> by 2025 and 1 USD/kg of green H> by 2030 [12]. In the case of green ammonia, IRENA and
AEA reported the cost of renewable or green ammonia ranging from 720 to 1400 per tonne (0.72-
1.4 USD/kg NH3) in 2022, with future perspectives on reducing to USD 310-610 per tonne (0.31-
0.61USD/kg NH3) by 2050 [13].



1.2 HDRI process

Direct Reduction of Iron Ore — Electric Arc Furnace (DRI-EAF) route emerged in the
beginning of the 20th century. The initial direct reduction of iron ore plant received its patent in
1918 and bears the Hoganis tunnel furnace process for reducing fine iron ore with carbon. In the
1930s, another process, called the Krupp-Renn process, was developed for reducing iron ore with
carbon in a rotary kiln. The next significant step occurred in Soderfors, Sweden, with the
development of the Wiberg process to reduce lumpy iron ore and produce 25,000 tons of sponge
iron per year [14]. In the 1950s, industrial-scale direct reduction iron ore processes emerged, and a
wider range of processes took shape in the 1970s. Table 1 contains the most important direct
reduction processes developed by different companies in the middle of the 1970s [14].

Table 1. List of important direct reduction processes.

1. | Allis-Chalmers-Process Rotary kiln, natural gas (Allis- Chalmers)
2. | Armco-Process Shaft furnace, natural gas (Armco Steel)
3. | Esso-Fior-Process Fluidized bed, natural gas (Esso Research)
4. | HIB-Process Fluidized bed, natural gas (US Steel)
5. | HyL-Process Retorts, natural gas (Hojalata y Lamina)
6. | Kawasaki-Process Grate kiln, coke (Kawasaki Steel)
7. | Kinglor-Metor-Process Outside heated chamber furnace, coal (Monteforno, Danieli)
8. | Koho-Process Grate kiln, C-containing pellets (Nippon Steel)
9. | Krupp-Eisenschwamm- Rotary kiln, coal (Fried. Krupp)
Process
10. | Midrex-Process Shaft furnace, natural gas (Midland-Ross)
11. | NCS-Process Shaft furnace, natural gas (Nippon Steel)
12. | Purofer-Process Shaft furnace, natural gas (Thyssen Purofer)
13. | SDR-Process Rotary kiln, fine coke (Sumitomo)
14. | SL/RN-Process Rotary kiln, coal (Lurgi)
15. | SPM-Process Rotary kiln, coal (Kubota, Sumitomo)

Out of all mentioned processes, only 3 of them, namely HyL, Midrex and SL/RN processes, have
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Figure 4. Type of direct reduction iron ore process. Source: Midrex (2022).

been developed for industrial scale since 1976. Current global DRI production accounts for 119.2
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Mt per year and Figure 4 depicts share of DRI by processes, where MIDREX process is dominating
in the world [15]. Figure 5 depicts the process flow sheet of Midrex DRI technology. In this process,
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Figure 5. Midrex process flow sheet. Source: Kobelco (2015).

the reducing agent is natural gas. After reforming methane into carbon monoxide and hydrogen
gases, the reducing gases CO and H; are sent to the shaft furnace from the edge side to counter the
iron oxide pellets moving from top to bottom. The reduction is a so-called counter-current process,
where sponge iron moves down for further processing in the electric arc furnace [16]. In terms of

Figure 6. Main steel production pathways. Source: IEEFA (2022).

CO; emissions from the steel sector, there are differences. As illustrated in Figure 6, the blast
furnace — basic oxygen furnace (BF - BOF) route emits nearly 2.2 metric tons of COz per ton of
crude steel, and this route contributes to global steel production with a share of 73 %. In the case
of the DRI-EAF route emissions, it has 1.4 tons of CO» per ton of crude steel, while the EAF alone,
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working with scraps, can emit 0.3 tons of CO> emissions per ton of crude steel. In terms of energy
consumption, BF-BOF, DRI-EAF, and EAF routes consume 22.7 GJ/t, 21.8 GJ/t, and 5.2 GJA,
respectively. On the other hand, the share of each route in global steel production amounted to
73.2 %, 4.8 %, and 21.5 %, respectively. The reason for the 21.5 % share of the EAF route in
global steel production is related to the continuous recycling of metal scraps [17]. To decarbonize
the steel sector, several research and industrial projects are under development, namely
COURSES0 (Japan), the Hybrit Project (Sweden), H2 Green Steel (Sweden), ArcelorMittal
Projects (Luxembourg), Tata Steel's HIsarna Project (Netherlands), etc. [18-22]. One of the
emerging environmentally friendly steel making processes is hydrogen direct reduction iron ore —
electric arc furnace (HDRI-EAF) route. Considering the significant CO; emissions from the
conventional steel sector, the HDRI-EAF route has showcased a positive impact on the steel
industry. This is attributed to its use of hydrogen as a reducing agent, replacing carbon-intensive
fossil fuels and reducing CO; emissions by 95-100 % [23,24]. The process offers an opportunity to
incorporate renewable energy to produce green hydrogen, aligning with the demand for sustainable
products in the market [25,26].

Equation 3. Reaction of iron ore reduction with hydrogen.

Fe,05 + 3H, — 2Fe + 3H,0 3)

The process flow of HDRI-EAF is depicted in Figure 7, where hydrogen fuel is produced by an
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Figure 7. Process flow of HDRI-EAF.

electrolyzer using electricity from renewable sources. The produced hydrogen fuel will then flow
to the hydrogen exchanger to utilize the heat of exhaust gases from the shaft furnace. Preheated
iron ore at 800 °C will move from the top of the shaft furnace to the bottom, and the reaction
between iron ore and hydrogen will take place. As a result of the reaction, sponge iron will be the
preliminary product, which will immediately be sent to the EAF for crude steel production.
Additionally, carbon or char will be introduced to the EAF to achieve the designated carbon
content (0.02-2.14%) in the crude steel.



1.3 Hydrogen and ammonia-fired gas turbines

In 1791, John Barber received a patent for the world’s first gas turbine unit, which,
ultimately, was not commercialized during his lifetime. It wasn't until 1939 that the idea reached
a maturity level for power production, a development spearheaded by the Brown Boveri Company
in Neuchatel, Switzerland [27]. In 1937, Dr. Hans von Ohain initiated research on the combustion
of gaseous hydrogen in jet engines. The results of von Ohain's experimental work highlighted the
absence of combustion issues with hydrogen (H2) combustion. Nevertheless, challenges related to
metal burnout were predominantly observed [28].

Since one part of the current study investigates hydrogen and ammonia blends for a gas
turbine in a combined heat and power plant in Uzbekistan, it is important to describe the process.
A Combined Heat and Power (CHP) plant is designed to produce heat while generating electricity
in the system. The generated heat is typically used for heating residential buildings and the
industrial sector as well [29]. Among the available technologies used in CHP plants, the most
widely used types are based on reciprocating engines, gas turbines, microturbines, fuel cells, and
steam turbines. The overall efficiency of CHP plants typically ranges between 65% and 85%. CHP
plants with the highest capacities often employ gas turbine technologies, which operate based on
the Brayton cycle. The overall and electrical efficiencies of these plants range between 65% and
71% and 24% and 36%, respectively. [30]. A gas turbine comprises three main units: an air
compressor, combustor, and gas turbine. Figure 8 shows the process flow diagram of the Brayton

Fuel
2 Combustor

Fresh air gases
Figure 8. Overview diagram of Bryton cycle.

cycle, which begins with compressing air to increase its pressure. This compressed air is then
mixed with fuel (e.g., natural gas, biofuel, hydrogen, ammonia, etc.). The mixture of fuel and air
is combusted in the combustion chamber under constant pressure, generating hot gas. The hot gas
product is expanded in the gas turbine, performing work to generate electricity and simultaneously
run the compressing unit. It is important to emphasize that the air compressor is considered the
energy-intensive part of the cycle [31]. Figure 9 depicts the Brayton cycle, which consists of four
processes outlined in PV and TS diagrams, namely process 1 — 2: Isentropic compression, process
2 —3: Heat addition, process 3 —4: Isentropic expansion, and process 4 — 1: Heat rejection. As
for the first process (i.e., 1 — 2: Isentropic Compression), ambient air is sent to the compressor,
and after the compression of air, the pressure increases from P1 to P2, but the volume V1 reduces
to V2 while the temperature changes from T1 to T2. On the other hand, entropy in the system
remains unchanged, S1=S2. Then, in the second process (i.e., 2 — 3: Heat addition), compressed
air and fuel enter the combustor. Combustion takes place under constant pressure (P2=P3), and the
amount of heat increases due to the rise in temperature from T2 to T3 and the expansion of volume
from V2 to V3. In this case, entropy also increases from S2 to S3. In the next process (i.e., 3 — 4:
Isentropic expansion), the heated gas with high pressure expands in a turbine under an adiabatic
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process, where no heat and mass exchange take place in the system. While the gas expands in a
turbine, rotating blades perform a certain amount of work, gradually reducing the gas's internal
energy. At the same time, pressure drops from P3 to P4, and temperature drops from T3 to T4. On
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Figure 9. Brayton cycle PV and TS diagrams.

the other hand, volume starts increasing from V3 to V4. The whole process is an isentropic process,
where entropy is constant (S3=S4). In the last process (i.e., 4 — 1: Heat rejection), heat rejection
takes place under an isobaric process or constant pressure (P4=P1). Volume decreases from V4 to
V1 due to heat rejection, and the gas also loses temperature from T4 to T1. At the same time,
entropy drops from S4 to S1.

When considering decarbonization strategies for existing gas turbine units, there are
various approaches to attain this objective. One method involves substituting or maximizing the
utilization of alternative fuels, such as ammonia or hydrogen. Another strategy entails the adoption
of carbon capture and storage (CCS) technologies for capturing and storing emissions. From a
technical perspective, it is also viable to enhance the overall gas turbine process by improving
combustion efficiency or incorporating renewable energy technologies into the system,
particularly for a recuperated gas turbine cycle [32]. For example, Matsumoto et al. explored gas
turbines utilizing hydrogen and ammonia as part of efforts to decarbonize gas turbine-based power
plants in the future. The study highlighted the successful validation of a 20% volume hydrogen
co-firing gas turbine within one of Mitsubishi Heavy Industry (MHI)'s gas turbine units installed
in the USA. Additionally, they addressed the ongoing development of various combustor types to
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Figure 10. MHI's gas turbine combustors for hydrogen combustion.
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ensure stable and efficient combustion when using different volumes of hydrogen and ammonia
fuels (Figure 10) [33]. In Figure 10, two categories of combustors are delineated: diffusion and
premixed combustors. Regarding diffusion combustors, MHI has already demonstrated the
feasibility of efficiency decline, albeit with stable combustion. Conversely, premixed combustors,
incorporating two burner types—multi-nozzle and multi-cluster—are in the developmental phase
to achieve full-scale hydrogen combustion. Both burners within the premixed combustor
necessitate thorough investigations to ensure low NOx emissions and prevent flashback
phenomena.
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Figure 11. Ammonia utilization methods for a gas turbine unit.

Regarding ammonia co-firing gas turbine technologies, MHI contemplates two approaches
tailored to different gas turbine capacities. For large-scale gas turbines, MHI proposes ammonia
cracking or decomposition, wherein hydrogen, a byproduct of ammonia decomposition, is
combusted in the gas turbine combustor. On the other hand, for small-scale gas turbine units,
ammonia can be directly combusted in two stages. The process involves initially combusting a
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Figure 12. Two-stage rich-lean combustion scheme. Source: Matsumoto et al. (2022)

portion of air along with the entire supplied ammonia, followed by reintroducing a portion of air
into the combustion chamber to reduce NOx emissions. Figure 12 illustrates the specifics of MHI's
ammonia combustion using a two-air-staging approach to achieve low NOx emissions.

12



1.4 Research Objectives

In light of the expanding economies globally, there is a persistent rise in the demand for
steel and power, leading to substantial CO> emissions. To mitigate the impact of global warming
and foster sustainable development on a global scale, it becomes imperative to formulate
innovative strategies for decarbonizing industries with high carbon intensity. This study establishes
the following research objectives to prioritize decarbonization approaches specifically tailored to
the industries in Uzbekistan:

e Evaluate the energy and mass balance of hydrogen-based steel production.

e Optimize the iron ore reduction process for optimal steel production based on the results
from the energy and mass balance of the HDRI route.

e Develop multi-fuel combustion models for the existing gas turbine at the Fergana
Combined Heat and Power (CHP) plant.

e Identify the costs associated with steel and electricity production in hydrogen-assisted
steel and power plants.

e Discuss findings and compare the two approaches of using alternative fuels for
decarbonizing the steel and power sectors in the future.
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Chapter 2. Experimental Optimization Works on
Reducing Iron Ore with Hydrogen

2.1 Introduction

Iron and steel production emit 7 % of global and 16 % of total industrial emissions of CO>
[23], and conventional steel production, based on the Blast Furnace-Basic Oxygen Furnace (BF-
BOF) route accounts for 70.8 % of global ore-based steel production [34]. The BF-BOF route
mainly uses carbon-intensive coke for reducing iron ore and producing steel; therefore, the route
is considered one of the carbon emitting industries with more than 1.8 tons CO: per ton of liquid
steel production [23,35]. Along the BF-BOF route, direct reduction of iron ore is also emerging,
and up to date, several approaches on this route have been developed, such as direct reduction of
iron ore with carbon monoxide by using natural gas or a carbon based reducing agent [36]. There
are four types of direct reduction processing, including shaft, rotary kiln, fluidized bed, and retort.
In April 2021, Primetals Technologies demonstrated a Hydrogen-based Fine-Ore Reduction
(HYFOR) pilot plant at the voestalpine Donavitz steelworks in Austria [37,38]. The pilot plant can
reduce fine iron ore with a particle size of less than 0.15 mm and consists of a preheating and
oxidation unit, a gas processing plant, and a reduction unit to produce iron. It was also mentioned
that the pilot plant is of modular type and can be accommodated on the iron ore mining site,
reducing transportation cost of raw materials (e.g., hematite or magnetite) [38]. In addition to the
reports from Primetals Technologies, Mitsubishi Heavy Industries (MHI) also published their
technical reported in June 2022 about the same project, entitled HYFOR process [39]. The report
provided more details on the project, including schematics of the pilot plant and the prospective
industrial prototype, which were mentioned and explained. Additionally, four unresolved points
were highlighted, namely the required residence time for achieving the desired metallization
degree, gas consumption and utilization features in connection of superficial gas velocity and
pressure in the reactor, the optimum temperature of the inletting gas for avoiding sticking of
particles in the distributing section of reducing gas in the reactor and understanding the reducibility
of magnetite in case of a lack of hematite resources. The report also outlined the possibility of
building a commercial plant with a capacity of 5-15 tons per hour based on continuous production
[39].

In term of the kinetics of iron ore reduction, several factors affect the process, including
temperature, pressure, gas composition, grain size, porosity, mineralogy, gangue, etc. [40-42].
Heidari et al. [40,43,44] have discussed several factors influencing the reduction of iron oxides, such
as high temperature accelerating the reduction process, while it is also possible to reduce iron ore
at low temperatures. In the case of hydrogen as a reducing agent, a higher temperature positively
contributes to the thermodynamics and kinetics of the reduction process [45]. For carbon monoxide
as a reducing agent, a higher temperature will decrease the yield of the reduction [46,47]. Therefore,
it is important to understand the behavior of each reducing agent in the reduction process of iron
ore. In most of the previously published papers, the temperature range between 500 °C and 1100 °C
was mentioned as an experimental condition for reducing iron oxide. Full reduction of iron oxide
is still possible at different above-mentioned temperature profiles within the above-mentioned
range, with varying experimental parameters, namely residence time, mass of reducing agent, etc.
[44]. Regarding the fastest reduction process of iron ore, a reaction at 900 °C resulted full reduction
in 250 seconds or 4 min and 10 seconds [40,48]. Zakeri et al. [49] also revealed 80 % reduction with
different amounts of CaCOj in Fe;O3 and the achievability of fast reduction at higher amounts of
calcium carbonate (i.e., from 1 % to 10 % of the ore weight). Zakeri et al. also broadly explained
the effect of different impurities in iron ore when reduced with hydrogen and CO reducing agents.

Many studies have conducted experiments using not only hematite (Fe>O3) but also
magnetite (Fe3Os4) and wiistite (FeO) to produce iron and steel [44]. This is because of the
availability of iron oxide in different countries. Since the reduction of hematite to iron consists of
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three phases changing steps, namely, Fe;O3 — Fe3O4 — FeO — Fe steps, the formation of FeO
takes place at temperatures above 570 °C, which is very slow in terms of reduction kinetics [43].
Regarding magnetite reduction with hydrogen, Zheng et al. [50] investigated and analyzed
parameters affecting the reduction process such as oxidation temperature (i.e., 800 °C), oxidant
content (i.e., 1.5 wt. % of MgO powder), and reducing gas velocity (i.e., 0.45 m/s).

As one part of the current study highlights the hydrogen-based reduction of iron ore, it is
important to evaluate and understand the potential of hydrogen production for the process, which
varies from country to country. The stoichiometric consumption of hydrogen in the reduction
process is 54 kg per ton of liquid steel production. The current available and large-scale production
of hydrogen is based on Steam Methane Reforming (SMR). The SMR process requires fossil fuel
for producing hydrogen fuel, which is currently not welcomed by many countries in the world.
Many new projects in this direction prioritize using an electrolyzer for producing green hydrogen
[43].

Firstly, a process flow diagram is designed, and the mass and energy balance of the process
are determined for each unit.

Secondly, the experimental apparatus is designed in a lab condition, and conditions for
experiments are set up, taking into consideration the mass and energy balance.

Finally, a series of experiments is conducted, and optimal conditions are found by
elaborating on the strategy of experiments.

2.2 Materials and methods

2.2.1 Structure of HDRI experiments

Figure 13 depicts the process flow diagram of the experimental apparatus, continuing the
previously developed research works of Alikulov and Xuan Tran [51]. The experimental conditions
have been established based on the mass balance of the process, namely 54 kg of H» for reducing
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Figure 13. Process flow diagram of the experimental apparatus.

1,428.00 kg of Fe>Os. The corresponding value of 0.037815 g or 0.423 L of H, was determined
for reducing 1 g of Fe2Os. Since the mass flow controller metric is in Standard Liter per Minute
(SLM), the value of 0.423 L of H for reducing 1 g of Fe;O3 is multiplied by the residence time of
each experiment. If the designed flow rate control range of the mass flow meter is between 5 -
100 % of the nominal value of 20 SLM, then a controlling value of at least 1 SLM must be set up.
Ultimately, 1 liter of H> has been set up for reducing 2.3622 g of Fe>Os. For any residence time
value, the amount of the feedstock remained the same, and the final decision on optimization was
based on multiplying the hydrogen flow rate by the designated residence time. In this research
work, initially, residence times of 5 min, 10 min and 15 min were selected for temperatures ranging
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from 750 to 800 °C. After conducting a series of experiments, it was decided to focus on 770 °C
by conducting more detailed timely experiments within the range of 1 min to 7 min, etc. The
pressure of the experiments was set at 0.001 MPa. As for the operating pressure at 0.001 MPa and
1 L/min of H2, the safe operation of experiments for the reduction process in this study was at
0.001 MPa or lower values. There are several reasons that did not allow experiments above 0.001
MPa. For instance, sealing assembling tools cannot provide stable sealing above 0.001 MPa, which
is dangerous when using hydrogen in the process. Regarding the structure of the experimental
apparatus, Figure 1 depicts details including a ceramic tube electric furnace (1), temperature
controller (2), sealing assembling tools (3), mass flow controller (4), hydrogen cylinder (5),
nitrogen cylinder (6), CB boat (7), water container (8), and mechanical valve (9) for controlling
the mass flow of nitrogen.

2.2.2 Specification of route units

In the HDRI-EAF process, hydrogen serves as a reducing agent to produce sponge iron, and
the reaction is endothermic, demanding energy for its operation. In this study, a process flow
diagram was constructed, drawing from previous research [23]. The diagram comprises various
units, such as an electrolyzer, a heat exchanger for hydrogen preheating, an iron ore reducer, a
preheater for iron ore, and an electric arc furnace. Additionally, specific materials are necessary to
run the process, including water, electricity, iron ore, and char.

Initially, energy and mass balances of the process were calculated based on the stoichiometric
reactions, namely Equations (3) [52] and (4).

Fe,05 + 3H, > 2Fe + 3H,0 AHr = +99.5 kJ/mol 3)

Equation 4. Reaction of hydrogen production from water electrolysis.

1 4
Hy0 ~ Hy + 0, AHr = +242 KJ/mol “)

Where, FeoO3, Ha, Fe, H O and O represent iron ore, hydrogen, sponge iron, water, and
oxygen, respectively.

First, H>O 1is split into H, and O, using an electrolyzer. Then, hydrogen is utilized in the
reduction process of iron ore, with the target product being 1 ton (1,000.00 kg) of steel production
(0.999 Fe : 0.001 C).

Several assumptions are made:

- Incompressible fluid.

Ideal gas/ low-pressure gases.

No moving parts, horizontal unit and kinetic energy changes are neglected.
Steady flow heat transfer.

Processes under constant pressure.

2.2.2.1 Balance on the reactive process (electrolyzer)

T}h=g5{?c Electrolyzer T}hzgﬁ) ~
483 kg/h 54kg/h
102 (2)
T=70°C
429kg/h

Figure 14. Process flow diagram of Electrolyzer.

Figure 14 depicts the process flow diagram of the electrolyzer.
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According to references, H> (g) and Oz (g) are assumed to be at 25 °C and 1 atm [53]. Table
2 presents the streams of mass and energy in the electrolyzer unit.

Table 2. Inlet and outlet enthalpies and mass and energy balance in Electrolyzer.

Substance Min (kg/h) Hin (kJ/kg)  Mow (kg/h)  Hou (kJ/kg)
H>O 483 H1 - -
H> - - 54 H>
0O - - 429 Hs

Specific enthalpies of each material:
Equation 5. Enthalpy of H>O at 25°C.
H20 (1, 25 °C):

s 0 - ﬁ:_ kI 1 mol _ kI 5
1= (AHD, 0 s 1oy ) =285.830 - =285 830 — x T 1587944 = O

Equation 6. Enthalpy of H at 70°C.

H2 (g, 70 °C):
&5 0 o ﬁ: i 1 mol _ E 6
Hy= (AHf343~15 Hz(g)) =1.296 5=1.296 2 2x107kg 648 ke ©
Equation 7. Enthalpy of O at 70°C.
02 (g, 70 °C):
A= (ALC 1 344K ) 3ag om0k 7
Hy= (AHf343-15 Oz(g)) =1.344 mol 1.344 mol 8 32x107kg 42 kg @

Equation 8. Energy balance in electrolyzer.
Energy balance of electrolyzer based on the first law of thermodynamics [53,54]:

Q-W=AH+AE+AE,, if W= 0,AE;=0 and AE,=0 then Q=AH (8)

Equation 9. Required energy for electrolyzer.
Energy required for the electrolyzer is found from following equation [53,54]:

AH = Y (myye X Houe) — X (min x Hy) = (54’% X 648 :—;) + (429’% x

)
42 "—g) = 772278
h h

2.2.2.2 Balance on the non-reactive process of HDRI-EAF (hydrogen preheater)

Figure 15 depicts the hydrogen preheater to help understand the process within the
preheater.

Energy values of the hydrogen preheater are found from the following Equations [53,54]:
Then the enthalpies of each point are calculated.
H:> (g, 70 °C):

Figure 15. Process flow diagram of hydrogen preheater.

Equation 10. Enthalpy of H> at 500°C.
P kJ kI 1mol kJ . .
H,=1.296 ﬁ=1.296 —x m = 648 . (Eq. 6 is identical to Eq. 6.) (6)
Ha (g, 500 °C):
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A,-13.83 L =13.83 L x 1™ _ 915,004 (10)
mol mol 2x107kg kg

If Q equals AH from Equation (8) as assumed earlier, then the energy required for the hydrogen
preheater is found from the following equation:
Equation 11. Energy of hydrogen preheater.

~ ~ k kJ kJj
Q =2 H = %(moye X Houe) = S(min x Hin) = 542 x (6915@ - 6485) = (1D
338,418 = 338.4227

2.2.2.3 Balance on the non-reactive process of HDRI-EAF (iron ore preheater)

Energy values of iron ore (hematite) preheater is found from following equations [53]:
Figure 16 depicts the process in iron ore preheater.
Fea0s(g)
T=800°C
1428 kg/h

Fea0: (8)
T=25°C
1428 kg/h

Figure 16. Process flow diagram of Iron ore preheater.

Equation 12. Enthalpy of Fe,Os at 800 °C.
Fe»0s (s, 800 °C):
~ 800+273.15K _ - -
Hrematie= fysiam 15k (Colpeo, AT=(103.4%10 346.711x10°T-17.72x10°T2)dT = 111.504  (12)

M 111504 L x 1m0l _g9g8 253
mol mol  159.69x10 kg kg

Reference data: Gy [ k] ] =a + bT + cT~?,where for Fe,05,a = 103.4 X

molxk]
1073,b = 6.711 x 107%,¢c = —17.72 X
10%and range of temperature is between 273 K and 1097 K.

Equation 13. Energy required for iron ore preheater.
If Q=AH in Equation 8 as assumed earlier, then the energy required for the iron ore preheater is

found from following equation:
—~ —~ k kJ
Q =AH = L (moue X Hour) = 2(min X Aiy) = 142872 x (698.253 2~ (13)
oﬂ) =997105.284 < = 997.105 2
kg h h

2.2.2.4 Balance on the reactive process (reducer unit)
Figure 17 illustrates the reducer unit to aid in understanding the ongoing process.

Fea0s(g)
lT=800 °C

1428 ke/h
H:(g) H:0(g)

T=500°C Red T=250°C
54kg/h educer 483kg/h

lFe (s) 0-o
phase
T=700°C

Figure 17. Process flow diagram of Reducer.

References state that H2 (g), Oz (g) and Fe (s) are at 25 °C and 1 atm [53]. Table 3 displays
the stream of energy and mass in the reducer.
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Table 3. Inlet and outlet enthalpies and mass and energy balance in reducer.

Substance Min (kg/h) Hin (kJ/kg)  Mout (kg/h)  How (kJ/kg)
H» 54 Ha - -
Fe O3 1428 Hs - -
Fe (0-0 phase) - - 999 Hse
H>O - - 483 H;

Specific enthalpies of each material [53]:
Equation 14. Enthalpy of Fe,O3 at 800°C.
H: (g, 500 °C): Equation 10 is identical to above-mentioned Equation 10.

& 0 _ ﬁ: i 1 mol _ E 10
H4_(AHf773~15Hz(g)) 13835 13'83m01><2><10'3kg 6915 ke (10)

Fex0s (s, 800 °C):

~ 0 800+273.15K B K 1 mol 14
Hs= (AHf298.15 Fezos(g)) * f25+273.15K (Cp)Fe203 dT=(-822.2 mol 159.69X10'3kg) (14)

698.253 = 4450 473 &
kg kg

Equation 15. Enthalpy of Fe at 700°C.
Fe (s, 700 °C) is found by using Shomate equation:

7o 0 973.15K _ 0.973.15 2 15
H6 o AH 298.15 Fe + f298.151( (Cp)pezog dT - 0 + f0.29815 (a + bT + CT + ( )
3 -2 _ kJj 1mol _ k]
dTS + eT2)dT = 2252120 x "% = 403.272

Condition: T=temperature (K) / 1000, Coefficients within the range of 298-700 K (a-0
phase): (a=18.42868, b=24.64301, c=-8.913720, d=9.664706, ¢=-0.012643) and within the range
of 700 K-1042 K (0-6 phase): (a=-57767.65, b=137919.7, c=-122773.2, d=38682.42, €=3993.080)
[55].

Equation 16. Enthalpy of H>O at 250°C.
H>0 (g, 250 °C):

0. = 0 523.15K B 16
= (AHf298~15 HzO(g)) + Jrsssk (Cp)HZO dT = (16)

kJ 1 mol kJ lmol kI

_241818 a X _18><10-3kg-+7'79 a X m_'1300155 o

Equation 17. Energy for reducing iron ore.

If Q=AH from Equation (8) as assumed earlier, then the energy required for reducing the
iron ore is determined by the following equation:

. _ (17)
Q=AH= Z(mout X Hout) - Z(min X Hin) = [(999% X
kJ kJ kJ
403.277@) + <4837 x (-13001.55@)] -

kg kJ kg ( k]) _
[(547 X 6915 @> + <14287 X | —4450.473 kg =

104990.517 % = 104.991 %

19



2.1.2.5 Balance on reactive process (electric arc furnace)

Figure 18 depicts the process flow diagram of the EAF, indicating the input and output
materials.
Fe (8) oty

i phase
C(s) T=700°C

T=25°C
W{ Electric Arc Furnace ]

Fe () v phase
T=1650°C
1000kg/h

Figure 18. Process flow diagram of EAF.

References state that C (s) and Fe (s) are at 25 °C and 1 atm [53]. Table 4 presents the energy
and mass stream in the EAF tool of the route.

Table 4. Inlet and outlet enthalpies and mass and energy balance in the EAF.

Substance Min (kg/h)  Hin (kJ/kg) Mout Hout (kJ/kg)
(kg/h)
Fe (0-0 phase) 999 H6 - -
C 1 H8 - -
Fe (y phase) - - 1000 H9

Fe (s, 700 °C, a-6 phase): Equation 15 is identical to above-mentioned Equation 15.

973 15K( )

H=AH? + |
6 f 29815 Fe ' 7298.15K

dT = 403.277 & (15)
F 03 kg

Equation 18. Enthalpy of C at 25°C.

C (s, 25 °C):
7 170 _
He = Hf og15c = (18)
Equation 19. Enthalpy of Fe at 1650 °C.
Fe (s, 1650 °C):
S 0 1923 15K 1923.15K B
Hy = AHg 298.15 Fe +/. 298.15K (C ) dT = (0 + f298 g 41 = (19)

1809K (a+bT + CT? +dT3 + eT~ Z)dT—

Jassasi (1999 (a4 b7 4 €12 4 dT3 4+ eT-2)dT = 49542 4L = 4% 542,00
—_mol __ _ gg7.134L
55.845x10 " 3kg kg

Assumption: Hre, 1923.15 K is not different from Hre, 1809 K because of limitation of
experimental data. T=temperature (K)/1000. Coefficients within the range of 298 K - 1809 K (y
phase): (a=23.97449, b=8.36775, ¢=0.000277, d=-0.000086, e=-0.000005) [55].

Equation 20. Energy required for EAF.

If Q=AH from Equation (4) as assumed earlier, then the energy required for the conversion of
sponge iron to steel is determined by following equation [53]:

Q=AH= Z(mout X ﬁout) - Z(min X Hin) = (20)
[(10001%9 X 887.134%)] - [(1 %g X 0:—2) (9991%9 X 403.277 :—é)] =

484260.277 % = 484.26 %
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2.2.2.6 Yield of reduction of iron ore
After calculating the mass and energy balance of the HDRI-EAF process, experiments are
conducted to understand the behavior of iron ore reduction and optimize the reduction process
using the following Equation [56,57]:
Equation 21. Yield of reduction of iron ore.

AW, wi— AWH 21
R=—2x100% = ———2-x100 % 1)
o W,

Where R represents the yield of reduction, AW! is the total weight loss during hydrogen
reduction, and W, is the total weight of O> present in Fe>Os. Iron ore is assumed to be pure
hematite without any other compositions. The composition of Fe2Os3 is 69.9 % Fe and 30.1 % Oo.

2.3 Results and Discussion

Mass and energy balance and optimized reduction process results are presented. It is
assumed that the reducer is in a static and horizontal state. Energy consumption and the speed of
reduction are compared with previous studies and discussed to demonstrate the novel approach.

2.3.1 Process flow of HDRI-EAF

The mass and energy balance of the HDRI-EAF, composing electrolyzer, hydrogen and iron
ore preheaters, reducer of iron ore and electric arc furnace, is depicted in Figure 19. All values are
calculated based on the target amount of the product, namely 1 ton of liquid steel production. In
the mass and energy balance, it is assumed that there are no hydrogen losses, and the required

-7352.37 MJ, T=25 °C,

Heat, 1428 kg (1-1) Fe,O(s)
Q=997.105 MJ

Electricity, -6355.275MJ
Q=’.-"?22 78 MJ Heat T=800 °C, 1428 kg
@) 338.42MJ l (A-DFe0,0) et 0=104.991 M
( )
Hzoﬂ.[ Electrolyzer (-1 Hz 2 Reducer (8) H,0,
T=25°C e
483kg ( 54 kg Es_g io Ei?g 74
-7669.77 MJ T=70°c T=300°C (5)Fe, T=700°C g :
0(43' s4kg  37341MI 999kg, 402.87MJ
T ;{0 )c 35MJ -
=70° (6) Electric Arc Heat, Q—484.26 MJ
429kg T=25 DE:’ arnaes < :
18 MJ 1 ke,
oMJ l(?) Fe T=1650 °C,

1000 kg, 887.134 MJ
Figure 19. Process flow diagram of Hydrogen Direct Iron Reduction.

amount of hydrogen for running the process is calculated from stoichiometric values. Additionally,
the mass of slag, CO, and CO> are neglected in the calculation because the main objective of the
study is to find stoichiometric values and conduct experiments to determine the most optimal
reduction mode of the process. The reason for using an electrolyzer in the process is to design the
process flow diagram based on green renewable energy and to avoid fossil fuel-based hydrogen
production approaches. Source of electricity for running the electrolyzer is not specified, while
previous studies [23,43,57-61] emphasized the use of wind, solar and other renewable energy sources
for the decarbonization of HDRI-EAF. The mass of necessary materials, i.e., 1,428.00 kg of Fe2Os3,
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1 kg of Carbon (C), 54 kg of H», 483 kg of H>O to produce 1 ton of liquid steel, is also depicted in
Figure 19.

2.3.2 Energy consumption of HDRI-EAF

Since the HDRI-EAF mainly consumes electricity for running the whole process, the
analysis of energy consumption aspects is very important for process feasibility and
commercialization. Results of the current study state that the electrolyzer needs 7,722.78 MJ
(2,145.21 kWh), the hydrogen preheater 338.42 MJ (94 kWh), the iron ore preheater 997.105 MJ
(276.97 kWh), the reducer 104.991 MJ (29 kWh), and the EAF 484.26 MJ (134.51 kWh) of energy
to produce of 1 ton of liquid steel within the HDRI-EAF process. The calculations did not include
the energy requirement of hydrogen storage of the process. In total, the energy requirement of
HDRI-EAF based on the findings is 9,647.556 MJ/tls or 2,679.69 kWh/tls. Table 5 summarizes
the flow of energy and mass in the HDRI-EAF process based on the results of the current study.

Table 5. Summary of energy and mass balance of the process.

Stream Mass Temperature Energy AH Short description Process step
flow (°O) (kWh) (kJ/kg)
(ton/tls)
1 1.428 800 276.99 698.294 Iron ore pellets entering Reducer
Reducer after heating
2 0.483 25 29.089 104.72 Water entering electorlyzer  Electrolyzer
3-1 0.054 70 9.73 649.15 Ho exiting Electrolyzer
3-2 0.054 500 94 6266.8 H: entering Reducer Reducer
4 0.429 70 4.966 41.674 O; exiting Electrolyzer Electrolyzer
5 0.999 700 98.24 354.03 Sponge iron exiting Reducer EAF
and entering EAF
6 0.001 25 19.4 69872.66 Char entering EAF EAF
7 1 1650 268.60 967.96 Molten steel exiting EAF EAF
8 0.483 250 57.96 432.055 H»O exiting Reducer Reducer

A previous study already reported the total Specific Energy Consumption (SEC) requirement of
HDRI-EAF without a hydrogen storage system, amounting to 3.72 MWh/tls, which exceeds the
1.01 MWh SEC found in this research [23]. Moreover, the SEC of the conventional steel
manufacturing industry based on the BF-BOF route consumes 3.48 MWHh/tls [23]. Another study’s

4% 1%
- Electrolyzer
 Iron ore preheater
10% 4 B cAF
: : - H2 preheater
. - Reducer

5%

Figure 20. Energy consumption of HDRI-EAF in %.
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report mentioned the SEC of HDRI-EAF totaling 3.48 MWh/tls, while the SEC of BF-BOF was
3.68 MWh/tls [61]. In addition, the minimum value of total SEC in the direct reduction of iron
process, accounting for 12.2 GJ/tls or 3.388 MWh/tls, was reported, but a higher amount of total
SEC in the Blast Furnace, totaling to 15.7 GJ/tls or 4.361 MWh/tls, was reported by the research
[61]. From the SEC of the current research findings, as mentioned in Figure 20, the highest energy
demand was found in the Electrolyzer, which consumes 80 % energy of the SEC. The next energy
consumptions were found in the hydrogen preheater with 1.74 kWh SEC per kg of Ha, in the iron
ore preheater with 0.19 kWh SEC per kg of Fe;Os, and in the EAF with 0.13 kWh SEC per kg of
sponge iron processing. Based on the above-mentioned SEC in each unit, it is advisable to build a
strategy for reducing energy consumption in the HDRI-EAF towards decarbonization and the
commercialization of the process. Li et al. [57] mentioned in their studies that the heat energy of
the effluent from the shaft furnace composing H> and H2O, can be used in the heat exchanger of
H> and recycled to the electrolyzer or H» storage units.

2.3.3 Optimization of reduction process in lab condition

After identifying the key input values of the HDRI-EAF process, taking into consideration
the energy and mass balance calculation, the conditions for the experiment were decided and
outlined in Table 6.

Table 6. Condition of experiments.

Feedstock Fe203 (2.3622 g)
Reducing agent: H» Mass flow: 1 L/min
Heating and cooling gas: N» Mass flow: Throughout the experiment
Pressure: 0,001 MPa/0,01 bar
Residence time 1,2,3,3.5,4,5,7,10 and 15 min.
Temperature 750 °C, 760 °C, 770 °C, 780 °C, 790 °C and 800 °C
Reduced product Sponge iron (Fe)
Yield of reduction (R) 14.9 % - 100 %
Composition of Fe;O3 Fe20s = 96 %, Acid insoluble = 1.5 %, moisture = 1.5 %,
Mn =0.5%

Fe;0;3, or red iron ore in the form of powder with the composition mentioned in Table 5,
was used as a feedstock in all experiments. As for the reducing gas (H2), 54 kg of H» is required
for the reduction of 1428 kg of Fe>O3 based on data provided in Table 4. Since the nominal value
of the mass flow controller is 20 SLM and the flow rate nominal value ranged between 5 and
100 % [62], it is necessary to convert grams of Hy into liters of H» to set the correct experimental
condition. If 1 mole of any gas occupies 22.4 L of volume at standard temperature and pressure,
then 1 g of Fe2Os will require 0.037815 g of Hz or 0.4235 L/min of Hz. To conduct experiments
under the minimum (5 %) H> flow rate control range, which is 1 L/min of Ha, the above-mentioned
and converted value 0.4235 L/min must be at least 1 L/min. Then, 2.3622 g of Fe;Os will be
required for conducting experiments under 1 L/min of H2 flow rate. Beside the reducing gas, N>
is used for heating and cooling the feedstock until the designated experimental condition is reached.
After each residence time, it is used for cooling the product to avoid the deoxidation of sponge
iron (Fe). The validation of the reducibility of Fe,O3 with H» is confirmed through an experiment
by using N> at 800 °C, 0.001 MPa and 5 min of heating time at the designated temperature. As a
result of the validation experiment, the mass of the feedstock did not change significantly (2.3622
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g — 2.3503 g). Subsequently, all other experiments were conducted with different conditions
outlined in Table 6. It was also assumed that in all samples, impurities are neglected, and any
reduction yield exceeding 100 % is attributed to these neglected impurities.

2.3.3.1 Experiment of reducing Iron ore at different temperatures each with 5 min of residence time

Initial experiments were conducted with temperature conditions of 750 °C, 760 °C, 770 °C,
780 °C, 790 °C, 800 °C, each with a residence time of 5 minutes. These experiments aimed to
understand the range of experimental conditions to focus on in future research investigations.
Figure 12 depicts the outcome of the experiments, where the reduction efficiency in all cases was
consistently near 100 %. The most attractive case was an experiment of reducing iron ore under
the condition of 770 °C and 5 minutes of residence time, highlighted with a red dot in Figure 21.

o 99.77 10008 o997
- 9931
==
=
2 98.12
c
e
2 97.28
ae]
L
&~ 96-

750 760 770 780 790 800
Temperature (°C)

Figure 21. Yield of reduction in 5 minutes with H at different temperature profiles.

One of the previously published papers reported approximately 23 % reduction yield of
LKAB-KPRS Iron ore pellets (diameter = 14 mm) with H> with the experimental conditions of
770 °C, 5 minutes of residence time, 4.7 g of mass, H2/He (60/40 vol.) and 2 L/min mass flow of
gases. The reduction yield increased from 14 % to 25 % in the temperature profile between 600 °C
and 950 °C respectively. In the case of reducing CVRD-DR pellets (diameter = 14 mm), the
reduction yield with 5 minutes of residence time, 4.7 g of mass, H2/He (60/40 vol.), and 2 L/min
mass flow of gases in the temperature profile between 600 °C and 950 °C ranged from
approximately 10 % to 20 % [43]. On the other hand, Heidari et al. [40,48] presented their findings
on reducing iron ore with 100 % hydrogen on a laboratory scale, mentioning that a 95 % reduction
degree can be achieved in 300 seconds or 5 minutes at 700 °C. Their findings closely align with
the results found in this study. Cavaliere et al. [63] also mentioned in their study the reduction of
iron ore at 1000 °C and 1 bar, resulting in nearly 100 % reduction until 15 minutes of residence
time. A reason for the parabolic behavior of the figure is related to chemical and physical
mechanisms, namely insufficient (short) residence time at elevated temperature, which can lead to
constraints for hydrogen to diffuse through the entire particle and form sintering of iron. This, in
turn, decreases the surface area available for the reaction with hydrogen. As a result, the yield of
reduction will be reduced. Similar phenomena are also highlighted in studies by Bhaskar et al.
[23,57,64].
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2.3.3.2 Experiment of reducing Iron ore at different temperatures each with 10 min of residence
time
Next batch of experiments was conducted with a residence time of 10 minutes in each
temperature profile. The yield of reduction in each temperature profile was nearly close to full
reduction (Figure 22). It is important to mention that the stoichiometric value of consuming
100.40 -

100.35

—~ 100.35 1
2 4
100.30 1
100.25 -

100.20 4

Reduction yield (%

100.15 4

100.10

750 760 770 780 790 800
Temperature (°C)

Figure 22. Yield of reduction in 10 minutes with H> at different temperature profiles.

hydrogen per unit of iron ore was calculated as 1 L/min for reducing 2.3622 g of Fe2Os. In this
case, the mass flow of hydrogen was 10 L per reduction scenario. Despite assuming pure iron ore
in this study, the results show a yield of reduction slightly exceeding 100 %. The obtained numbers
prove that there are no significant changes in each temperature profile despite a two-fold increase
in residence time.

In a previous study reducing iron ore at 800 °C, some data were provided stating that the
highest reduction yield (85 %) can be achieved after reaching 50-minutes residence time.
Afterwards, no other significant reduction was observed. Initial reduction values in 10 minutes of
residence time demonstrated more than 80 % of the reduction yield [42]. The outcomes suggest a
different approach or condition is required to reach a 100 % reduction yield. The findings of the
current study provided significant value towards the optimization of the process. Another case
study of reducing iron ore pellets from two different manufacturers provided a 50 % and 40 %
reduction yield at 770 °C with 4.7 g of feedstock mass, and a 2 L/min of H2/He (60/40 vol.) mass
flow [43]. Despite almost the same condition, the outcome was lower than the one found based on
experiments in this study.

2.3.3.3 Experiment of reducing Fe,Os at different temperatures each with 15 min
of residence time

The next case involved increasing the residence time from 10 minutes to 15 minutes for
each temperature profile. Figure 23 depicts the yield of reduction of iron ore for each temperature
profile ranging from 750 °C to 800 °C. The yield of reduction remained unchanged and
demonstrated full reduction in almost all cases except for the case of 750 °C, where the yield of
reduction nearly approached 100 %. Since the residence time is threefold increased for the current
scenario, the specific consumption of hydrogen was also 15 times increased compared to
stochiometric values. Findings of Sohn [65] with 100 % H> reduction condition of Fe;O3 provided
different conversion yield, namely 95 %, 96 %, 85 %, 85 and 100 % at 500 °C, 600 °C, 700 °C,
800 °C and 900 °C, respectively. At 800 °C, the reduction of Fe203 with a residence time of 15
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minutes did not differ from the one at 700 °C. The results are very similar to the ones found in this
study’s reduction case with a residence time of 15 minutes.
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Figure 23. Yield of reduction in 15 minutes with H» at different temperature profiles.

2.3.3.4 Experiment of reducing Fe,Os at 770 °C each with varying residence time

After running experiments for each cluster of residence time, including 5, 10 and 15 minutes,
it was decided to continue with further detailed experiments at 770 °C, which was selected due to
the full reduction yield and lower temperature point compared to other scenarios. Figure 24
illustrates the yield of reduction at each residence time (i.e., 1, 2, 3, 3.5, 4, 5 and 7 minutes). After
observing the outcome of all experiments, the yield of reduction with the resistance time of 5 and
7 minutes demonstrated nearly the same values as the yield of reduction with residence times 10
and 15 minutes. As for the reduction process with residence times of 1 minute, 2 minutes, 3 minutes,
4 minutes, and 5 minutes, the yield was 14.9 %, 55.59 %, 75.5 %, 85.71 % and 90.36 %,
respectively. Despite a 100.08 % yield of reduction within the residence time of 5 minute,
demonstrating full reduction, doubling the amount of Fe>Os mass did not help to reach full
reduction of each feedstock sample, resulting in 87.76 % in the first sample and 86.14 % in the
second sample of the experiment. Therefore, the further strategy was to double the number of
samples with a residence time of 7 minutes instead of 5 minutes. As a result, the reduction yield

100.25  100.39

99.7
85.71¢90.36 99133

100 95.08

55.59

Reduction yield (%)
(o))
o
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O T T T T T T T T T
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Figure 24. Yield of reduction of Fe;O3 at T=770 °C within a residence time (1-15 minutes).
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could achieve nearly full reduction yield at the level of 99.70 % in the first sample and 99.33 % in
the second sample, as mentioned with a red dot in Figure 24. If the number of the same samples is
doubled and the reduction yield of each sample is achieved nearly 100 % reduction yield, the
specific consumption of hydrogen under the optimal reduction process can be 3.5 L/min of
hydrogen for reducing a unit of the feedstock, which means the real value is 3.5 times more than
the stochiometric value. To understand the behavior of the reduction process with 3.5 minutes of
residence time, another experiment was conducted at 770 °C with a single sample under the
condition of 100 % H> supply, which showed an 85.71 % reduction yield and is mentioned with a
red dot in Figure 24. Comparing these findings to previous studies, Wagner et al. [48] could reach
a reduction degree of nearly 90 % of iron ore with 100 % H> at 800°C within 3.5 minutes or 210
seconds. Another temperature profile at 700 °C showed a 70 % yield of reduction within 210
seconds [40,48]. As for the outcome of this study and the experiment at 770 °C with two identical
feedstocks under the condition of a 100 % H> reducing agent, a residence time of 7 minutes
demonstrated the most optimal reduction yield. As a result, the findings in terms of reduction time
can be equivalent to the one with 3.5 minutes per a single unit of the feedstock. The findings have
been published in the Energies journal (Energies 2024, 17(5), 1242).

2.4 Conclusion

Research work included the energy and mass balance of HDRI-EAF, analysis of energy
consumption indicators of the process, and lab-scale experiments for optimizing the yield of
reduction with an emphasis on residence time, temperature, and mass flow of H». After discussing
the outcome of energy and mass balance and conducted experimental works, the following
research findings are summarized:

e The total energy demand of steel production based on HDRI-EAF, without considering
energy for hydrogen storage, accounted for 2,679.69 kWh/tls, significantly lower than
previously published values.

e The energy and mass balance of the HDRI-EAF process included the following energy-
consuming units: 2,145.21 kWh for electrolyzer, 94 kWh for hydrogen preheater, 276.97
kWh for Fe;O3 preheater, 29 kWh for reducer, and 134.51 kWh for EAF.

e Energy analyses provided a good understanding of Specific Energy Consumption (SEC)
of each unit and proved that the electrolyzer unit consumes 80% of the total SEC of the
process. The unit-based SEC in the hydrogen preheater accounted for 1.74 kWh SEC per
kg of Ha, in the iron ore pre-heater totaled 0.19 kWh SEC per kg of Fe2Os3, and in the EAF
amounted to 0.13 kWh SEC per kg of pig iron processing. The breakdown of the total SEC
of the process can help lead future energy system optimization research within the HDRI-
EAF process.

e After calculating and identifying the energy and mass balance of HDRI-EAF processes,
lab-scale experiments were conducted to reach stoichiometric values by optimizing
conditions. The conditions of experiments were set as 2.3622 g of feedstock (Fe203), 1
L/min of reducing gas (H2) mass flow, throughout the experiment providing heating and
cooling gas (N2), 0.001 MPa of working pressure, 1, 2, 3, 3.5, 4, 5, 7, 10, and 15 min of
residence time, and a temperature of 750, 760, 770, 780, 790, and 800 °C. The selected
feedstock (Fe203) had the following composition: Fe.0s = 96%, Acid insoluble = 1.5%,
moisture = 1.5%, Mn = 0.5%.

27



e A set of experiments was conducted by revising residence time, temperature, and the
number of feedstock samples. The experiments resulted in yields of reduction ranged
between 14.9% - 100%, where the optimal condition was found as 1 L/min of hydrogen
mass flow, 0.001 MPa of working pressure, twofold of feedstock each with 2.3622 g of
Fe»0s3, residence time 7 min, yield of reduction of each sample, 99.70% in the first sample
and 99.33% in the second sample. Comparing with the stoichiometric value of the
reduction process, lab-scale enables to achieve 3.5 L/min hydrogen consumption by the
process for reducing 2.3622 g of Fe;Os. The results are 3.5 times more than the
stoichiometric value but still a more optimized value compared to previous studies.
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Chapter 3. Development of a Multi Fuel-Fired Gas
Turbine in the Existing Power Unit of Fergana Combined
Heat and Power Plant

3.1 Introduction

Research on gaseous hydrogen combustion in jet engines began in 1937 by Dr. Hans von
Ohain. The outcome of von Ohain's research experiments emphasized no combustion issues with
hydrogen (H2) combustion; however, issues pertaining to metal burnout were mostly observed [28].
Studies by Wang et al. [66] on researching combustion and emission characteristics for hydrogen
and methane blended fuel mix with different compositions in a 2.5 MW concentric staged low-
pollution combustor resulted in a reduction of CH20 and C2Hz emissions under 30-40 % hydrogen
blending ratios. More detailed research on the combustion characteristics of hydrogen-fired gas
turbines was conducted in the middle of the 1980s. Sampath and Shum [67] investigated hydrogen
combustion in a can-type combustor equipped with two different fuel injectors (i.e., multi-hole
and swirl types). More than 400 experiments were conducted by considering different ranges of
fuel-to-air ratios, inlet pressure and temperature, and combustor loading, and the discussion of
results covered metal temperature, flame characteristics, combustion efficiency, stability, and NOx
emissions. Sampath and Shum [67] reported the excellent combustion characteristics of hydrogen
in a gas turbine, including good combustion efficiency, ignition, and stable performance. However,
NOx emissions under hydrogen co-firing resulted in a higher amount compared with the designed
liquid fuel of the turbine. However, multi-hole fuel injectors (micromix burners) were found to be
more efficient for hydrogen combustion because of the thorough mixing of fuel and oxidants [68].
Besides research findings of Giacomazzi and Messina [69] on investigating Dry Low Emission gas
turbine performance and emissions by co-firing 30% volume (vol.) of H, results mentioned only
5 % by mass CO; reduction or 75 % by vol. of H; is required for reaching 50 % CO- reduction.
Giacomazzi and Messina [69] in their research findings also listed several issues related to the
combustion of hydrogen in gas turbines with the blending of hydrogen in a fuel mix in the range
of 0-100 %, and these issues are to control the temperature rise to maintain NOx emissions below
25 parts per million, by volume (ppmv). Of course, this is a challenging goal, as NOx emissions
from the combustion of natural gas in gas turbines are below 15 ppmv. However, hydrogen
combustion in gas turbines causes more steam in the exhaust, which in turn negatively affects the
life span of hot parts with hot corrosion. Additionally, Giacomazzi and Messina [69] mentioned
pressing issues on the production site of hydrogen, which is currently costly and not
environmentally friendly, namely 99 % of global hydrogen production (70 Mt per year) comes
from coal and natural gas. If the production from a fossil fuel-based source is converted to
electrolysis-unit-based production, 3,600.00 TWh of electricity will be required per year to reach
70 Mt of hydrogen production per annum. On a comparative scale, 3,600.00 TWh is more than the
annually produced electricity in the European Union. As for Technology Readiness Levels (TRL)
of hybrid fuel-fired gas turbines, Giacomazzi et al. [69,70] emphasized the importance of the
combustion physics of hydrogen and its blends with ammonia in a gas turbine at TRL 2-3, which
must be investigated and analyzed. The hydrogen power generation handbook [71] of Mitsubishi
Heavy Industries, including several technical reviews on the use of hydrogen in existing gas
turbines, reported the outcome of experiments analyzing the combustion characteristics of
hydrogen using multi-nozzle, multi-cluster, and diffusion combustors. Among the mentioned
combustors, the diffusion flame combustor reached up to 100 % hydrogen combustion, while
several drawbacks were observed, such as a drop in cycle efficiency and high NOx emission, but
no flashback risk. Until now, multi-nozzle combustors have achieved up to 30 vol. % of hydrogen
co-firing with the absence of drops in cycle efficiency and low NOx emission, but with high
flashback risk due to large flame propagating area. The last available multi-cluster combustor with
a premixed flame combustion method can achieve 100 vol. % of hydrogen combustion with no
drops in cycle efficiency, low NOx emissions, and low flashback risk. In addition, ammonia is
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used as a hydrogen carrier because of its higher density than that of liquefied hydrogen. In this
case, an ammonia cracking unit is used, and it requires 46 kJ/mol of the heat of reaction for
cracking 1 mole of raw ammonia with the drawbacks of combusting ammonia in a gas turbine,
such as low combustion speed (approximately 1/5 of the methane combustion speed) and cracked
fuel with nitrogen content causing more NOx emissions as a result [72]. Moreover, the use of
ammonia in a gas turbine combustor also requires upsizing the dimensions of the combustor for
the complete combustion of an ammonia-blended fuel mixture.

As for challenges with ammonia combustion, Erdemir and Dincer mentioned three main
issues: high autoignition temperature (651°C), low flame speed (0.15 m/s), and slow chemical
kinetics [73]. Erdemir and Dincer [73] also provided solutions for the aforementioned issues in the
combustion of ammonia, namely, mixing ammonia with other traditional fuels, including
hydrogen, to solve difficult ignition and slow chemical kinetics issues. In addition to preheating
and increasing the compression ratio of ammonia, it is possible to overcome the low flame speed
and high ignition temperature. Erdemir and Dincer [73] also emphasized the option of blending
ammonia with other fuels, especially hydrogen, to resolve the three major issues mentioned above
and boost the output power of the internal combustion engine. In terms of investigating ammonia
combustion in gas turbines, Aalrebei et al. [74] conducted case studies comparing NH3-H> / air and
CH4 / air fuel and air blending and combustion performance approaches. It was also important to
identify the operating region for reducing emissions under the NH3-H / air gas turbine cycle. In
this case, the interval between two points of equivalence ratio at = 0.5, and at = 1.25 was
investigated, and the equivalence ratio at 1.25, increased the NH3 emission molar fraction, while
the cycle efficiency was lower compared of the CH4/ air gas turbine at a rate higher than 0.75. As
a result, the study concluded that an NH3-H> / air gas turbine with an equivalence ratio @ < 0.75
has high system efficiency and low emission values. Ditaranto et al. [75] investigated the impact
of recirculating exhaust gas of hydrogen-fired gas turbines for reducing NOx emissions. The
recirculation of exhaust gas to the inlet of the air compressor was applied to reduce the oxygen
concentration in the compressed air and the temperature of the combustion case. Simulations were
performed with dry, wet, and wet cooling of the exhaust gas options, and with it was concluded
that applying exhaust gas recirculation instead of nitrogen dilution will contribute to increasing
the power plant’s total efficiency while maintaining NOx emission at a favorable level. Lee et al.
[76] also investigated ammonia co-firing combustors designed for conventional and gas turbine
units and concluded that it is necessary to conduct future experiments on ammonia co-firing in gas
turbines with a pressure higher than 20 bar. Bayramoglu et al. conducted a numerical study on the
effect of blending up to 15% volume of H, and NH3 with methane to evaluate emissions. The
findings revealed an increase in NOx emissions up to 3,790.00 ppm with a 15% NH3 blending
option in a diesel engine [77]. Another study, conducted by Karam Ghareh Gheshlaghi and Tahsini,
investigated the effect of different H> compositions (ranging from 5% to 30%) in methane on an
existing gas turbine with a 5 MW installed capacity. The results indicated that a higher percentage
of Hz by volume leads to increased NOx emissions, attributed to the elevated temperature in the
flame zone [78]. The development of a combined cycle gas turbine within an existing power plant
with a Rankine cycle was investigated to increase the electrical efficiency of the overall cycle [79].
Matjanov investigated the effect of gas turbine inlet air cooling for maintaining higher efficiency
of combined heat and power plants in Uzbekistan during the summer season [80]. Until now,
several research works have been conducted on investigating the combustion kinetics of multi-fuel
combustion, including fuel blends of methane, H>, and NH;3 [81-88]. However, studies covering
technical performance, combustion kinetics, and economic indicators have not been conducted in
existing gas turbine technology for practically acceptable fuel mixture shares (up to 30% volume
of Ho, etc.).

In this study, an ammonia and hydrogen co-fired gas turbine was developed in the existing
gas turbine unit of a Fergana Combined Heat and Power (CHP) plant with a capacity of 7.6 MW.

First, a process flow diagram of the gas turbine cycle was developed using Aspen HYSY'S
software to determine the technical specifications of each component of the cycle, CO> emissions,
etc. Four scenarios were investigated by setting the fuel mixture based on energy content to 100
% natural gas (NG), 30 % (ammonia) NH3z and 70 % NG, 30 % (hydrogen) H> and 70 % NG, and
30 % NH3, 30 % Haz, and 40 % NG.
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Second, the economic parameters of each scenario were calculated to understand the
sensitive costs of all expenditures (i.e., fuel expenses) for operating the system.

Thirdly, a model of a combustion chamber was designed by using Ansys® Chemkin-Pro
software for evaluating and analyzing combustion and post-combustion values of each scenario.

Finally, a comparative analysis was conducted by discussing the emissions related to the
technical parameters of the combustor and gas turbine itself to identify the most optimal power
output within one of the mentioned fuel mixture scenarios.

3.2 Materials and Methods

Figure 25 depicts the process flow diagram of a multi-fuel co-firing gas turbine cycle based
on an existing Fergana CHP plant designed on the Aspen HYSYS software tool. Peng-Robinson
fluid package was used in software to determine the enthalpy and entropy of fluid and fluid
mixtures in the proposed system. The cycle consists of an air compressor, fuel combustor, and gas
turbine units. The installed capacity of the gas turbine unit was 7.6 MW, and all technical
specifications were given for scenarios 1, 2, 3, and 4.

Gas fuel
Hydrogen .
fuel —»—I ;I’o;
Air feed urbine
— > Combustor
To L
Comb > Exhaust
Q GT
Air comp work  Gas
Compressor — turbine
;:‘mlmonia Liquid
ue

Figure 25. Process flow of natural gas, ammonia, and hydrogen co-firing CHP plant.

The main technical parameters of the air compressor and gas turbine of the Fergana CHP
under different scenario models are listed in Table 7.

Table 7. Technical specifications of the air compressor and gas turbine of the power plant.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
(reference
model)
Parameters Air Gas Air Gas Air Gas Air Gas
compre turbi compre turbine compre turbine compre turbine
ssor ne ssor ssor ssor
Feed temperature 30 1312 30 1315 30 1322 30 1334
(°O)

Feed pressure (bar) 1.3 20.28 1.3 20.28 1.3 20.28 1.3 20.28
Product 431.7  750.8  431.7 752.6 431.7 757.2 431.7 765.9

temperature (°C)
Product pressure 20.28  2.026  20.28 2.026 20.28 2.026 20.28 2.026
(bar)
Adiabatic efficiency 85 85 85 85 85.4 85.4 85.4 85.4
(%)
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Mass flow of 90,000. 92,32 87,463. 90,247. 87,654. 89,796. 82,660. 90,247.

working medium 00 7.93 00 10 00 61 00 10
(kg/h)
Pressure ratio 15.6 - 15.6 - 15.6 - 15.6 -
Polytropic 89.5 81 89.5 81 89.5 81.4 89.5 81.4
efficiency (%)
Power (kW) 10,621. 18,22 10,322. 17,983. 10,344. 17,922. 9,755.1 17,392.
40 7.30 40 67 54 73 7 81

As mentioned in the study objectives, 100 % NG combustion in scenario 1; 30 % NH3 and
70 % NG fuel blend in scenario 2; 30 % H> and 70 % NG fuel mixture in scenario 3; and 30 %

Scenario 1

Natural gas

Air

NOx emission |

Ammonia.

Figure 26. Overview of methodology for evaluating emission in four scenarios.

NHs, 30 % Hz, and 40 % NG in scenario 4 were applied and analyzed in the operating Fergana
CHP plant (Figure 26).
As for the composition of each fuel, NG with a composition of CH4, C2He, C3Hg, C4H 10, and
CO2 had mole fractions of 88%, 2%, 5%, 0.6%, and 4.4%, respectively. In the case of the
composition of ammonia (NH3) and hydrogen (Hz), both were considered pure and 100 % fuel for
model simulations. The air used for compression contained 21% Oz and 79% No.
Analysis of combustion and post-combustion cases was conducted by developing models

Compressed air

Cl _RIPSR

@/

Cl R2 PSR

Cl R3 PSR C2 PFR C2_Product

Figure 27. Process flow diagram of gas turbine with multi fuel combustion approaches.

using the Ansys Chemkin-Pro software tool and applying the GRImech 3.0, mechanism to analyze
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the chemical kinetics of each scenario. GRImech 3.0 mechanism includes five elements, namely
C, H, O, N, and Ar, 53 chemical species, and 325 reactions for a detailed analysis of the chemical
pathway of each model point [89,90]. Figure 27 depicts the Perfectly Stirred Reactor (PSR) - Plug
Flow Reactor (PFR) network for simulating the gas turbine combustor, covering the mixing and
flow features of the working medium.

Based on the structure of the gas turbine network depicted in Figure 27, there are two clusters
including a flame, a recirculation zone in the first cluster, and a second cluster with a single PFR.
The first cluster has an Reactor (R)1 PSR designed as a premixing zone and an R2 PSR and R3
PSR for recirculation and flame zones, respectively. Figure 28 shows a comprehensive diagram of
the developed models for analyzing combustion and post-combustion features. Each model had
corresponding fuel blending approaches and the air was delivered in staging method for complying
with low NOx emission from gas turbine network.

In this study structure of CHP plant is investigated by taking into consideration of each

Air \
Post-flame
Zone
Fuel mixture Plug-flow reactor
(natural gas,
NH; & H»)

Perfectly Stirred Reactors

Figure 28. Diagram of gas turbine network with mixing, flame, and post flame zones.

component efficiency (e.g., thermal efficiency of the Brayton cycle, energy generation in the cycle,
electricity consumed by the compressor of air, heat energy consumed by the gas turbine unit, and
isentropic (ideal) (nc & nt) and polytropic (nc/p & nt/p) efficiency of the compressor and gas
turbine units respectively) [29-31,91,92]. Because the current study emphasizes the evaluation of
emissions, the CO; emissions of each model were determined using Equation (22):

Equation 22. CO; emission rate of the multi-fuel fired gas turbine.

CO,emissionrate = Q X EF (22)

where Q (energy/time) is the input energy of the system and EF (kg COj/energy) is the
emission factor of the fuel used in the system [93].

The Levelized Cost of Electricity (LCOE) for each scenario was determined using Equation
(23) [94]:

Equation 23. Levelized cost of the multi-fuel fired gas turbine.

n let+ M+ F (23)
=1 (A+r)t
E

n t
=1 (1 +r)t

LCOE =

Where I; is the cost of investment and construction work in t years, M is the cost of operation
and maintenance in t years, F; is expenses on using fuel in t years, E; is the total power output in t
years, r is the discount rate of the selected technology, and n is the lifetime of the selected
technology.
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3.3 Results and Discussion

In this section, the energy and mass balance of each model are presented and described to
compare them considering the emissions and efficiencies of the compressor and gas turbine. In
addition, the flame and post-flame zones are discussed, and the optimal emission approach is
stated. Figure 29 depicts the share of each fuel type applied to all study scenarios.

Hydrogen
Ammonia 1,038.0 | Natural gas
Natural gas B Ammonia

Hydrogen [§93.0 I Hydrogen
Scenario 3| Ammonia [0.0
Natural gas 2,050.0

Hydrogen 0.0

Scenario 2 | Ammonia 779.0
Natural gas hZ,OOS.O

Hydrogen 00
Scenario 1 | Ammonia

Natural gas _2 328.0

0.0 1 000 0 2 000 0 3,000.0

Figure 29. Fuel share and blending options for all investigated scenarios (kg/h).

Scenario 4

3.3.1 Outcome of Scenario 1

In scenario 1, the fuel composition included NG only, and Figure 29 depicts the share of
each selected fuel for the current research work.
The following reaction equations for the combustion of NG were used [95]:

Equation 24. Reaction of methane (CH4) combustion.

CH,(9) + 20, (9) — €0,(g) + 2H,0 (1) (24)
Equation 25. Reaction of ethane (C2Hs) combustion.
2C;He(g) +70, (g) — 4C0,(g) + 6H,0 (D) (25)
Equation 26. Reaction of propane (C3Hg) combustion.
C3Hg(g) + 50, (g) — 3C0,(g) + 4H,0 (1) (26)
Equation 27. Reaction of n-butane (C4H10) combustion.
2C4Hy19(g) + 130, (g) — 8C0,(g) + 10H,0 (D (27)
Equation 28. Reaction of n-pentane (CsHi2) combustion.
CsHy2(g) + 80, (g) — 5€0,(g) + 6H,0 (1) (28)
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Table 8 presents the material stream for scenario 1 (100 % NG combustion approach).

Table 8. Material stream in Scenario 1.

Name Air feed To Turbine Gas fuel To combustion Exhaust

Vapor fraction 1 1 1 1 1

Temperature 30 1,313.00 30 431.4 752.1

[°C]

Pressure [bar] 1.30 20.28 20.30 20.28 2.026
Molar flow 3,120.00 3.249.00 121.2 3,120.00 3,249.00
[kgmole/h]

Mass flow [kg/h] 90,000.00 92,327.93 2,328.00 90,000.00 92,327.93
Standard liquid 104.0 108.7 6,804.00 104.0 108.7
volume flow
[m3/h]
Heat flow 101,141.00 6,571,510.97 - 9,211,529.07 -9,082,823.26
[kcal/h] 2,640,017.81

Table 9 lists the mol fraction of the material flow within the entire system under Scenario 1.

Table 9. Composition of mol fractions of the model under Scenario 1.

Name Air feed To turbine Gas fuel To Exhaust
combustion
Methane 0.00 0.00 0,8800 0.00 0.00
Propane 0.00 0.00 0.05 0.00 0.00
Ethane 0.00 0.00 0.02 0.00 0.00
n-Butane 0.00 0.00 0.006 0.00 0.00
n-Pentane 0.00 0.00 0,00 0.00 0.00
Oxygen 0.21 0.1226 0,00 0.21 0.1226
Nitrogen 0.79 0.7585 0,00 0.79 0.7585
CO2 0.00 0.0424 0.044 0.00 0.0424
H20 0.00 0.0765 0.00 0.00 0.0765

Table 10 lists the energy flows in the system and the balance is closed. Total gained energy
in the cycle accounted for 6,543,468.02 kcal/h or 7,604.96 kW.

Table 10. Energy balance of the system under Scenario 1.

Inlet Streams Energy Flow Outlet Streams Energy Flow
[kcal/h] [kcal/h]
Air Feed 101,141.01 Exhaust -9,082,345.11
Q Compressor 9,110,388.07 Gas turbine 15,653,856.08
work
Gas fuel -2,640,017.81 - -

As for the rate of production of NO emissions from Scenario 1, in Figure 30, it was
mentioned that reaction NO+O+M&NO>+M was mostly dominating in NO emissions with a rate
of 0.00429 mole/m>-sec, while reaction HO2+NO<>NO,+OH was contributing to consumption of
NO accounting for -0.00596 mole/m>-sec. Similar methods for identifying sensitive reactions in
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Scenario 1
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Figure 30. Rate of production of NO (mole/m3-sec) in Scenario 1.

the combustion of different fuels in a fuel mixture have also been investigated previously by Li et
al. [96-98].

3.3.2 Outcome of Scenario 2

In scenario 2 fuel composition included NG 70 % vol. and NH3 30 % vol.

In the model, in addition to the reaction equation set of combustion of natural gas following
the reaction equation of combustion of ammonia was used [99]:

Equation 29. Ammonia (NH3) combustion.

4NH3(g) +30; (g) — 2N,(9) + 6H,0 (9) (29)

Table 11 covers the material stream of Scenario 2 (70 % natural gas and 30 % NH3
combustion approach).

Table 11. Material stream in Scenario 2.

Name Air feed To Gas fuel Ammonia To Exhaust
Turbine fuel combustion
Vapor fraction 1 1 1 1 1 1
Temperature 30 1,316.00 30 30 431.4 753.8
[°C]

Pressure [bar] 1.30 20.28 20.30 20.30 20.28 2.026
Molar flow 3,032.00 3,200.00 104.4 45.77 3,032.00 3,200.00
[kgmole/h]

Mass flow 87,463.00 90,247.10 2,005.00 779.5 87,463.00 90,247.10
[kg/h]
Standard liquid 101.1 106.2 5.860 1.265 101.1 106.2
volume flow
[m3/h]
Heat flow 98,289.95  5,951,196. - - 8,951,866.30 -
[kcal/h] 22 2,273,726.6  726,886.0 9,494,267.5
8 6 9

Table 12 shows the composition of mole fractions of the selected system within Scenario 2.
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Table 12. Composition of mole fractions of the model under Scenario 2.

Name Air feed To Gas fuel Ammonia To Exhaust
turbine fuel combustion
Methane 0.00 0.00 0,8800 0.00 0.00 0.00
Propane 0.00 0.00 0.05 0.00 0.00 0.00
Ethane 0.00 0.00 0.02 0.00 0.00 0.00
n-Butane 0.00 0.00 0.006 0.00 0.00 0.00
n- 0.00 0.00 0,00 0.00 0.00 0.00
Pentane
Oxygen 0.21 0.1191 0,00 0.00 0.21 0.1191
Nitrogen 0.79 0.7555 0,00 0.00 0.79 0.7757
CO2 0.00 0.0371 0.044 0.00 0.00 0.0371
H20 0.00 0.0883 0.00 0.00 0.00 0.0883
Ammonia 0.00 0.00 0.00 1.00 0.00 0.00

Table 13 covers the energy flows of the system within Scenario 2. The total energy gained
in the cycle accounted for 6,591,434.85 kcal/h or 7,660.71 kW. The system’s energy balance was
also closed. Composition of mol fractions of the model under Scenario 2.

Table 13. Energy balance of the system under Scenario 2.

Inlet Streams Energy Flow Outlet Streams Energy Flow
[kcal/h] [kcal/h]
Air Feed 98,289.95 Exhaust -9,493,814.97
Q Compressor 8,853,576.35 Gas turbine 15,445,011.20
work
Gas fuel -2,273,726.68 - -
Ammonia fuel -726,886.06

In the case of NO emission of the model within Scenario 2, in Figure 31, it was mentioned
that reaction NO+O+M<~>NO>+M was dominant among all reactions at a rate of 3.50E-01
mole/m>-sec, while reaction HO,+NO<>NOx+OH was contributing to consumption of NO
accounting for -0.679 mole/m>-sec. As mentioned by Zhang et al. the presence of free radicals and
their content fluctuation are directly related to the proportion of ammonia in a fuel mixture [100].
The presence of the intermediate product, HNO, in Figure 31 indicates the formation of NO during

Scenario 2

HNO+0,<=>HO,+NO
H+NO+M<=>HNO+M

NH+NO<=>N_,O+H
NH+NO<=>N,+OH

— NO,+H<=>NO+OH

NH+0,<=>NO+OH |

NO,+0<=>NO+0,
NO+0+M<=>NO,+M

HO,+NO<=>NO_+OH

Total
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S
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Figure 31. Rate of production of NO (mol/m3-sec) in Scenario 2.
NH3 combustion. Cecere et al. also mentioned several intermediate products (e.g., CN, HCN,
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HNO, and NHi) produced during the combustion of ammonia, which after oxidation, contribute to

the formation of NO emissions [101-103].

3.3.3 Outcome of Scenario 3

In scenario 3 fuel composition included NG 70 % vol. and H> 30 % vol.

In the model, in addition to the reaction equation set for the combustion of natural gas

following reaction equation of combustion of hydrogen was used [104]:
Equation 30. Combustion of hydrogen (H2) in the gas turbine.

2H,(9) + 02 (9) = 2H,0 (1) (30)
Table 14 presents the material stream of the system under Scenario 3.
Table 14. Material stream in Scenario 3.
Name Air feed To Gas fuel Hydroge To Exhaust
Turbine n fuel combustio
n
Vapor fraction 1 1 1 1 1 1
Temperature 30 1,323.00 30 30 431.4 758.4
[°C]

Pressure [bar] 1.30 20.28 20.30 20.30 20.28 2.026
Molar flow 3,038.00 3,175.00 106.7 46.13 3,038.00 3,175.00
[kgmole/h]

Mass flow 87,654.00  89,796.61 2,050.00 93.00 87,654.00 89,796.61

[kg/h]
Standard 101.3 105.6 5.9913 1.331 101.3 105.6
liquid volume
flow [m3/h]
Heat flow 98,504.59  6,648,216.9 - 1,560.00  8,971,415. -
[keal/h] 3 2,324,757.9 22 8,744,811.5

5 0

Table 15 lists the composition of the mole fractions of the selected fuel and air in each unit.

Table 15. Composition of mole fractions of the model under Scenario 3.

Name Air feed To Gas fuel Hydrogen To Exhaust
turbine fuel combustion
Methane 0.00 0.00 0,8800 0.00 0.00 0.00
Propane 0.00 0.00 0.05 0.00 0.00 0.00
Ethane 0.00 0.00 0.02 0.00 0.00 0.00
n-Butane 0.00 0.00 0.006 0.00 0.00 0.00
n-Pentane 0.00 0.00 0,00 0.00 0.00 0.00
Oxygen 0.21 0.1224 0,00 0.00 0.21 0.1224
Nitrogen 0.79 0.7559 0,00 0.00 0.79 0.7559
CO2 0.00 0.0382 0.044 0.00 0.00 0.0382
H20 0.00 0.0834 0.00 0.00 0.00 0.0834
Hydrogen 0.00 0.00 0.00 1.00 0.00 0.00
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Table 16 displays the energy flows within the system for Scenario 2. The total energy gained
in the cycle amounted to 6,519,553.33 kcal/h or 7,577.16 kW, and the system's energy balance
was successfully closed.

Table 16. Energy balance of system under Scenario 3.

Inlet Streams Energy Flow Outlet Streams Energy Flow
[kecal/h] [keal/h]
Air Feed 98,504.59 Exhaust -8,744,247.02
Q Compressor 8,872,910.62 Gas turbine 15,392,463.95
work
Gas fuel -2,324,757.95 - -
Hydrogen fuel 1,559.67

In the analysis of NO emissions for Scenario 3, the dominant reaction differed from
scenarios 1 and 2. Specifically, the reaction HO>+NO <> NO,+OH was found to be predominant

Scenario 3

PSR_1
PSR_2
PSR_3

q

HO2+NO<=>NO,+OH |

NO+O+M<=>NO,+M

b Total
-0.02 -0.01 0.00 0.01 0.02

Figure 32. Rate of NO production (mol/m3-sec) in Scenario 3.

among all reactions, with a rate of 0.0136 mol/m3-sec. Additionally, the reaction NO+O+M <=
NO>+M was identified as consuming NO emissions, accounting for -0.0132 mole/m3-sec. The
total NO emissions were significantly lower than those in Scenarios 1 and 2. Figure 32 illustrates
the behavior of chemical reactions in Scenario 3. In a study by Ma et al., various free radicals,
including H, O, and OH, were identified as factors influencing the trend of NO emissions after the
dilution of hydrogen in the fuel blends [105]. Karam Ghareh Gheshlaghi and Tahsini also
emphasized the dominant NO emission reaction in H and CH4 combustion with varying fuel
compositions [78].

3.3.4 Outcome of Scenario 4
In Scenario 4, the fuel composition included 40% vol. NG, 30% vol. NH3, and 30% vol.
H2. For this scenario, Equations (3), (4), (5), (6), (7), (8), and (9) were employed. Only the volume
fraction of each fuel was identified based on the fuel-blending approach for each scenario.

Table 17 presents the material stream details of the model under Scenario 4, where the fuel

mixture consisted of NG, NHs, and H» fuels in the proportions of 40%, 30%, and 30% vol.,
respectively.
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Table 17. Material stream in Scenario 4.

Name Air feed To Gas fuel Hydro Ammonia To Exhaust
Turbine gen fuel combustio
fuel n
Vapor 1 1 1 1 1 1 1
fraction
Temperatur 30 1,335.0 30 30 30 431.4 767.1
e [°C]
Pressure 1.30 20.28 20.30 20.30 20.30 20.28 2.028
[bar]
Molar flow  2,865.0 3,057.0 79.44 60.52 60.95 2,865.0 3,057.0
[kgmole/h]
Mass flow  82,660.0 85,345.64 1,526.0 122.0 1,038.0 82,660.0 85,345.64
[kg/h]
Standard 95.56 100.2 4,460.0 1,746.0 1,685.0 95.56 100.2
liquid
volume flow
[m3/h]
Heat flow 92,8924 5,763,833. - 2,046.0 -967,962.9 8,460,277. -
[keal/h] 6 1,730,527.2 7 9,174,178.4

Table 18 provides the details of the composition of the mole fraction of each working agent

in the model under Scenario 4.

Table 18. Composition of mole fractions of the model under Scenario 4.

Name Air To Gas Ammonia Hydrogen To Exhaust
feed  turbine  fuel fuel fuel combustion
Methane  0.00 0.00 0,8800 0.00 0.00 0.00 0.00
Propane 0.00 0.00 0.05 0.00 0.00 0.00 0.00
Ethane 0.00 0.00 0.02 0.00 0.00 0.00 0.00
n-Butane  0.00 0.00 0.006 0.00 0.00 0.00 0.00
n-Pentane  0.00 0.00 0,00 0.00 0.00 0.00 0.00
Oxygen 0.21 0.1169 0,00 0.00 0.00 0.21 0.1169
Nitrogen  0.79  0.7505 0,00 0.00 0.00 0.79 0.7505
CO2 0.00  0.0296  0.044 0.00 0.00 0.00 0.0296
H:0 0.00  0.1030 0.00 0.00 0.00 0.00 0.1030
Ammonia  0.00 0.00 0.00 1.00 0.00 0.00 0.00
Hydrogen 0.00 0.00 0.00 0.00 1.00 0.00 0.00

Table 19 displays the energy flows within the system for Scenario 4. The total energy
gained in the cycle amounted to 6,570,626.70 kcal/h or 7,636.53 kW and the system’s energy
balance was closed.

Table 19. The energy balance of the system under Scenario 4.

Inlet Streams Energy Flow Outlet Streams Energy Flow
[kcal/h] [kcal/h]
Air Feed 92,892.39 Exhaust -9,174,178.34
Q Compressor 8,367,385.31 Gas turbine 14,938,012.01
work
Gas fuel -1,730,527.14 - -
Ammonia fuel -967,962.91
Hydrogen fuel 2,046.02
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In the final Scenario 4, NO emissions exhibited a certain level of complexity. In Figure 33,
several dominating reactions within the diverse fuel blending options can be observed. Ultimately,

Scenario 4 ; [ |PSR_1
[ |PSR_2
[ |PSR_3

HNO+0,<=>HO,+NO |
H+NO+M<=>HNO+M [—

————INH+NO<=>N,0+H
NH+0,<=>NO+OH | TNO<=>N,+OH

NO,+H<=>NO+OH |[—

HO,+NO<=>NO,+OH"

= Total
-0.5 0.0 0.5
Figure 33. Rate of production of NO (mole/m3-sec) in Scenario 4.

the reaction HNO+O3; <> HO>+NO emerged as dominant compared to other reactions, rated at
0.345 mole/m3-sec, while the reaction HO>+NO < NO>+OH played a significant role in reducing
NO emissions, with a rate of -0.601 mole/m3-sec. The total NO emission represented the highest
NO emission scenario compared to Scenarios 1, 2, and 3. As mentioned earlier, in Scenario 4,
variations in the amount of free radicals were observed after premixing ammonia and hydrogen in
a fuel mixture. Similar to Scenario 2, the presence of the intermediate product HNO resulting from
ammonia combustion contributes to the formation of NOx emissions. Cecere et al. [101-103] also
mentioned the role of HNO produced during ammonia combustion in the development of NOx
emissions.

3.4.5 Technical, economic, and environmental analyses

The findings of each scenario differed from one another in various aspects. For example,
comparing the Levelized Cost of Electricity (LCOE) to CO2 emissions provided insight into how
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Figure 34. CO; emission [kg CO»/h] and LCOE [$/kWh] of all scenarios.
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a greater reduction in emissions contributes to an increase in LCOE. Figure 34 illustrates the
relationship between LCOE and CO> emissions for all scenarios. In Scenario 1, which had the
highest CO» emission at 6,070.00 kg/h, the LCOE was the lowest at 0.09 USD/kWh. On the other
hand, Scenario 4, featuring a multi-fuel blending option (NG 40% vol., NH3 30% vol., and H> 30%
vol.), emitted 3,979.00 kg CO2/h, contributing positively to the system's performance. However,
it had the highest LCOE at 0.19 USD/kWh, representing a less attractive point due to the high cost
of alternative fuels. For instance, the sale price of ammonia per ton was 5 million Uzbek So’m
(UZS) or 410 USD, based on quotes received from a local ammonia manufacturer's dealer in
Uzbekistan as of October 18, 2023. Additionally, the sale price of hydrogen fuel ranged from 2.5
to 3 USD per kg in Uzbekistan [106]. To gauge the feasibility of implementing Scenarios 2, 3, and
4, an additional study similar to Kim et al. [107] must be conducted among residents. This study
aims to identify additional willingness to pay for purchasing electricity generated with alternative
fuels, considering the fuel blending options mentioned above. From an emissions standpoint, Koc
et al.'s study on co-firing hydrogen in a gas turbine with 50 MW at 50 bar resulted in 52.17 tons
of COx/h or 1.0434 CO2/kWh [108]. In comparison, the current study yielded 5.345 tons of CO2/h
or 0.70 kg CO2/kWh.
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Figure 35. Relationship of output power and net efficiency of all scenarios.

On the other hand, the output capacity of each model yielded values that closely approached
the range of design parameters for the selected gas turbine unit. Figure 35 illustrates the
relationship between the output power and net efficiency of each model. From Figure 35, we can
observe variations in output capacity, with Scenario 2 resulting in the highest capacity at 7,662.00
kW, while Scenarios 1, 3, and 4 generated 7,606.00 kW, 7,578.00 kW, and 7,638.00 kW,
respectively. Regarding the net efficiency of all scenarios, Scenarios 1, 2, 3, and 4 amounted to
34.33%, 35.47%, 34.74%, and 36.63%, respectively. Comparing each case, output capacity is
directly proportional to the net efficiency of the system. From the perspectives of CO2 emissions
versus output power and net efficiency for all scenarios, CO> emissions in Scenarios 1 and 4 were
directly proportional to the fluctuations in output power and net efficiency. However, Scenarios 2
and 3 exhibited unusual behavioral outcomes, with CO> emissions at 5,228.00 kg/h and 5,345.00
kg/h, respectively. This is attributed to the consumption of NG share in Scenarios 2 and 3,
accounting for 2,005.00 kg/h and 2,050 kg/h, respectively. The most attractive scenario
demonstrated a significant reduction in CO2 emissions, with Scenario 4 resulting in the lowest
emissions at 3,979.00 kg/h, which is 35% lower than the baseline Scenario 1. Umyshev et al. also
mentioned the possibility of reducing emissions to 0.53 kgCO»/kWh through the modernization of
existing gas turbine units [109]. On the other hand, Scenarios 2 and 3 resulted in a reduction of CO>
emissions by 14% and 12%, respectively, compared to Scenario 1 (baseline case). Regarding
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capacity fluctuations compared to the initial reference model (Scenario 1), Scenarios 2, 3, and 4
exhibited a 0.7% increase, a 0.37% reduction, and a 0.42% increase, respectively.

Regarding the analysis of the cost of annual fuel consumption per scenario, expenses on
fuel for Scenario 4 amounted to 4.8 million USD/year, including 0.9 million USD/year for NG,
2.1 million USD/year for NH3, and 1.8 million USD/year for H> consumptions. Figure 36 provides
more details on all scenarios in terms of total annual fuel consumption and a breakdown of the
costs for each scenario.

Hydrogen 1,827,511.20
Ammonia 2,125,006.05
Natural gas 909,108.02

Total
Hydrogen

Ammonia  |0.00 B Hydrogen
Natural gas 1,221,278.80 N Ammonia

Total I Natural gas
Hydrogen |0.00 [ Total

Scenario 2 | Ammonia 1,595,801.75
Natural gas 1,184,470.24
Total 2,790,271.99

Hydrogen |0.00
Ammonia [0.00

Scenario 1 I"atyral gas 1,386,896.12
= 1,386,896.12

0 2,000,000 4,000,000 6,000,000
Figure 36. Comparison of costs on fuel consumption per each scenario ($/year).

Scenario 4

Scenario 3

As seen in Figure 36, Scenario 1 represents the most economically attractive case with 100%
NG consumption and annual fuel expenditures of 1.38 million USD. Concerning fuel consumption
costs for Scenarios 2 and 3, a slight difference is observed. When comparing the costs of NH3 and
H», NH3 in Scenario 2 required 1.59 million USD/year, while H> in Scenario 3 required 1.39
million USD/year. Based on the comparative economic evaluations of NH3 and H» by Bartels [110],
the estimated 182-day storage cost for NH3 and H» is 0.51 USD/kg-H> for ammonia and 14.00
USD/kg-Ha, respectively. Regarding transportation expenses of ammonia and hydrogen, Bartels
[110] evaluated 0.70-3.22 USD/kg for H», and 0.0344 USD/kg for NH3 transportation via pipelines.
Referring to previous findings on NH3 and H> handling expenses, it is more attractive to rely on
ammonia rather than hydrogen [111]. Scenario 2 in the current study can be considered more
attractive when compared to Scenario 3 with H> combustion in the fuel blending approach.
Considering net efficiency pertaining to output power in Fig. 11, Scenario 4 demonstrated the
highest efficiency at a rate of 36.67%, while Scenarios 1, 2, and 3 resulted in 34.33 %, 35.47 %,
and 34.74 %, respectively.

From the perspectives of Hz production in the case of Uzbekistan within minimum and
maximum scenarios, it was estimated to produce between 494 and 2,093.00 thousand tons per
annum, requiring Carbon Capture, Utilization, and Storage (CCUS) between 4 and 8 Million tons
(Mt) CO; per annum respectively [106]. In this estimation, several approaches to hydrogen
production were considered, including production based on electrolysis sourced from renewable
electricity, nuclear electricity, NG, Steam Methane Reforming (SMR) including CCUS. The
requirement for the mentioned H> production is to secure 72,051.00 GWh of renewable electricity
per annum, 1,530.00 GWh of nuclear electricity per annum, and 4 billion cubic meters per annum
of NG solely for this sector, while the entire country’s annual production accounted for 74.3 GWh
in 2022 [112]. This represents about 10 % of the required electricity for achieving the potential
production of H> with the maximum scenario. From view viewpoint of emission per unit of
produced H> using the SMR method, it is estimated to generate 10 kg CO; per 1 kg of Hz or 10
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tons CO»/ton of Hz production [106]. To provide sustainable H> supply for the 7.6 MW gas turbine
unit’s year-round operation, it is necessary to secure H supply between 464.35 and 609.17 tons
under Scenarios 3 and 4, respectively, representing only a 30 % vol. share of the fuel contribution
into the fuel blend.

In the case of NH3z production in Uzbekistan, a report prepared by the Center of
Hydrometeorological Service (Uzhydromet) at the Cabinet of Ministers of the Republic of
Uzbekistan and sponsored by the United Nations Environmental Program (UNEP) and the Global
Environment Facility (GEF) mentioned a total of 1,065.1 tons of NH3 production in 2005 and
1.317 tons of CO; per ton of NH; production [113]. Recently statistics on NH3 production in
Uzbekistan for the year 2022 from January to August reported 1,096.5 tons of NH3 production
[114], slightly more than the indicators reported by Uzhydromet. Comparing emissions from H>
and NH3 production in Uzbekistan, 7.5 times more CO2 emissions can be found, as discussed
above.

In terms of the efficiency of each unit within the CHP plant, it is important to evaluate the
performance of the compressor and gas turbine, including their polytropic and isentropic
efficiencies. The pressure ratio of a gas turbine plays a crucial role in evaluating its performance
and efficiencies, with the polytropic efficiency of the compressor typically being lower than the
isentropic efficiency, and vice versa for the gas turbine. As mentioned by Boyce, a compressor
with a pressure ratio of 15.6 and 89.54 % polytropic efficiency will result in 85.4 % isentropic
efficiency [115]. The reason for the identical efficiencies of the air compressor and the gas turbine
is setting of the same pressure ratio and achieving very similar gas turbine inlet temperature (i.e.,
Scenarios 1, 2, 3, and 4 accounted for 1,313.00 °C, 1,316.00 °C, 1,323.00 °C, and 1,335.00 °C
respectively).
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Figure 37. NOx and CO emissions in all scenarios.

A technical review of Mitsubishi Heavy Industries also reported on the possibility of
combining NH3 and H> in the fuel mixture of natural gas-fired gas turbines for the decarbonization
of energy systems based on gas turbine technologies. They also mentioned limitations on
increasing the share of NHj in the fuel mixture (e.g., up to 30 % vol.) to avoid enlarging of the
combustor due to large amounts of NOx emissions and rich-lean combustion exhaust products.
Therefore, it was proposed to focus on a limited share of NH3 or an increased share of H» in a fuel
mixture [33]. The current study’s findings on NOx emissions ata 15 % O level demonstrate a clear
picture for identifying cost-effective and environmentally friendly scenarios. Figure 37 illustrates
the trend of NOx and CO emissions for each scenario, where Scenarios 1,2 3, and 4 resulted in 9.7
ppm at 15 % O, 1819.9 ppm at 15 % O, 3.1 ppm at 15 % O, and 2229.6 ppm at 15 % O»
respectively. Scenario 1 (reference model) fell within the requirements of the gas turbine
manufacturer [116], while Scenarios 2 and 4 exceeded the regulatory parameters of the gas turbine.
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Temperature (K)

On the other hand, NOx emissions of Scenario 3 accounted for 3.1 ppm at 15 % O», which is a
threefold reduction compared to Scenario 1’s NOx emissions. If hydrogen and natural gas are
mixed, combustion kinetics are enhanced because of hydrogen has wide flammability range and
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Figure 38. Temperature, NO and CO mole fraction fluctuation in all PSRs.

high diffusivity. Then improved combustion can result in more complete burning of the fuel blend,
which in turn reduces CO and NO emissions. Regarding the current study’s outcomes, unburned
hydrocarbons in Scenarios 1, 2, 3, and 4 resulted in concentrations of 0.001093655 ppmvd,
0.000971534 ppmvd, 0.00000000167174 ppmvd, and 0.0005314867 ppmvd, respectively.
Therefore, emissions in Scenario 3 were the lowest compared to the other cases. De Simio et al.
also emphasized the role of Hz co-firing in reducing the amount of unburned hydrocarbons [117].
Liu et al. emphasized gradual reduction of reaction activation energy by increasing the hydrogen
share in methane combustion [118]. In Figure 38, the trend of temperature, NO, and CO emissions
of all PSRs has been illustrated for each scenario. Since fuel blending was different in every
scenario, NO emissions significantly varied, but values of CO emissions were in a close range.
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Figure 39. NO and CO mole fractions and temperature in Plug Flow Reactors of all scenarios.

From Figure 38, it is also possible to make the correct selection of scenarios for the decarbonization
of existing power units. Moreover, NO and CO emissions in the post-combustion zone have been
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depicted in Figure 39, showing steady values within temperature ranges. NO emissions of
Scenarios 2 and 4 had the highest values and Scenario 3 resulted in the lowest emissions. The
findings of Bastani et al. on co-firing NH3 with methane in a gas turbine also mentioned less impact
on CO emission variations [119]. In the current study findings, CO emissions were also observed
with an insignificant range of differences.

On the other hand, temperatures in all scenarios remained stable within the range of the flame
combustion zone distance (i.e. 2.4 m). In the Aspen HYSYS Scenario 3 model, the temperature in
the combustor resulted in 1,323.00 °C, but in the Ansys Chemkin Pro Scenario 3 model, the
temperature in the combustor or PSR3 accounted for 1,510.00 K or 1,236.00 °C. Since Ansys
Chemkin Pro is specialized for designing and analyzing the combustion process, the values
generated with the Chemkin Pro models will be taken into consideration for conclusion.

From the perspective of storing H> on-site, studies by Kolbantseva et al. concluded on the
feasibility of blending 20 % vol. of H> in a NG fuel mixture for maintaining stable and safe
operation in an existing power plant in Russia. It was also proposed to deliver 20 % vol. of H, and
80 % vol. of NG as a single mixture in a single existing pipeline due to the lack of available area
for storing the required amount of Hz [120].

In the case of the health safety of H> and NH3 at an existing power plant, there are currently
major issues related to the utilization of NH3 fuel, such as respiratory diseases, etc. However, up-
to-date studies by Jin et al. [121] on H» fuel have declared the absence of a threat to environmental
and human health. That is why prioritizing the co-firing of H> fuel in a fuel mixture will be most
advantageous due to its merits. The findings have been published in International Hydrogen of
Hydrogen Energy (International Journal of Hydrogen Energy, Vol. 61, pp 432-443).

3.5 Conclusion

In this study, the effects of selecting different fuel blends on the operation of the existing
Fergana Combined Heat and Power (CHP) plant, including emissions, Levelized Cost of
Electricity (LCOE), output power, and net efficiency, have been investigated. The research
involved developing a design model and simulating various fuel blends within four scenarios.
Considering the discussion of the results, the following findings are summarized:

e OQutput power in all scenarios varied from each other. Scenario 4, with a fuel blend
including ammonia (NH3) and hydrogen (H>), resulted in the highest output power. In co-firing a
single alternative fuel, such as NH3 in a fuel mix, exceeded the output power of the reference case,
but H> co-firing resulted in the lowest output power among all cases.

e The specific fuel consumption in Scenarios 1, 2, 3, and 4 amounted to 0.31 kg/kWh, 0.38
kg/kWh, 0.39 kg/kWh, and 0.51 kg/kWh, respectively.

¢ CO> emissions varied in each scenario because of the fraction of fossil fuels. It was
observed that Scenario 4, comprising NH3 and H» blends in natural gas (NG), emitted the lowest
COz, while Scenarios 2 and 3 were in the middle range of the reduction of CO2 emissions.

e The lowest NOx emissions at 15% O> were noticed in the case of H» co-firing with NG.
On the other hand, scenarios with NH3 and H» co-firing emitted the highest NOx emissions. It was
negatively affecting the further implementation of scenarios with NH3 blending options. Findings
were different than previous studies because technical parameters such as temperature and pressure
of the working agent, and amount of unburned hydrocarbons in exhaust gas were also different.

e Since the electric efficiency of each model depends on the amount of inlet heat and output
power of the system, the heat input into the system was highest in the case of the scenario with
100 % NG combustion, but electric efficiency was the lowest compared to other scenarios. The
most attractive point was Scenario 4, where NH3 and H» co-firing took place. In this case, input
heat into the system was the lowest, but output power and electric efficiency were the highest
among all scenarios.
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From an economic point of view, reference Scenario 1 maintained a cost-effective level,
while Scenario 4, with the highest output power and electric efficiency, resulted in the highest
LCOE per kWh of generated electricity. On the other hand, scenarios with NH3 and H> combustion
were taking place in the middle range of LCOE compared to other scenarios. The main reason for
the evolving LCOE pertaining to blending NH3 and H> with NG was the high cost of production
of each type of fuel.

Considering the technical, economic, and emission parameters of each scenario, scenario
4, NH3 and H; co-firing case, was the most attractive one. However, the outcome of combustion
kinetics analyses dramatically changed the final decision, and the scenario with H> co-firing
demonstrated attractive performance and favorable combustion kinetics at this moment. It is
advisable to consider advancements in the exhaust gas denitrification process or the optimization
of ammonia combustion, either alone or in blends with other fuels, in the future. Until solutions
related to controlling excess NOx emissions in gas turbine technology are resolved, more detailed
studies on 100 % H> combustion can also be conducted to diversify alternative fuel options for
existing gas turbine technologies worldwide.
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Chapter 4. Comparative Technical and Economic
Analyses of Hydrogen-based Steel and Power Sectors

4.1 Introduction

Making iron and steel produces 7% of the world's CO2 emissions and 16% of all emissions
from industries [23]. The usual way of making steel, known as the Blast Furnace-Basic Oxygen
Furnace (BF-BOF) route, is responsible for 70.8% of steel made from ore globally [34]. In this
process, a lot of carbon-intensive coke is used to turn iron ore into steel. This makes it one of the
industries that emit a lot of carbon, producing over 1.8 tons of CO> for every ton of liquid steel
made [23,35]. Technology developers are trying to find better ways to make iron and steel, like
directly reducing iron ore. Different methods, like using carbon monoxide with natural gas or other
carbon-based materials, are being explored for this type of production [36]. A strategy for reducing
carbon emissions in the steel sector involves substituting hydrogen fuel for carbon monoxide in
the process of reducing iron ore to produce sponge iron, which is then utilized in the manufacturing
of liquid steel.

Within the context of the present study focusing on the hydrogen-based reduction of iron
ore, it becomes crucial to assess and comprehend the potential for hydrogen production in this
process, recognizing that it varies across different countries. The stoichiometric consumption of
hydrogen in the reduction process amounts to 54 kg per ton of liquid steel production. Presently,
the predominant method for large-scale hydrogen production is Steam Methane Reforming (SMR),
a process that relies on fossil fuels. However, this approach is met with reluctance in many
countries worldwide. As an alternative, numerous new initiatives emphasize the use of
electrolyzers for generating green hydrogen [43]. Furthermore, certain authors conducted tests on
the reduction rate of iron ore utilizing the moving-bed principle, observing the reducibility of iron
within a temperature range of 500-1000 °C [122]. Initial assessments of the HYBRIT project
affirmed the viability of the HDRI-EAF route, exemplified in the conditions of Sweden and
Finland [123]. In the realm of EAF decarbonization, Echterhof's review [124] proposed the
integration of biomass or alternative sources, replacing fossil fuel-based carbon in the steel-making
process. Regarding the cost analysis of steel produced through the HDRI-EAF route with hydrogen
as a reducing agent, reported figures indicated a Capital Expenditure (CAPEX) ranging from 118.7
USD/t steel at high cost to 111.9 USD/t steel at low cost [125]. As for the Levelized Cost of
Production (LCOP) of the HDRI-EAF route, Vogl et al. [61] stated a range of 361-640 EUR per
ton of steel production, while Bhaskar et al.'s study [126] found the LCOP at 669 USD/tls. Another
study by Bhaskar et al. [127] reported a range between 622 USD/tls and 722 USD/tls, considering
different electricity purchase schemes for HDRI-EAF route consumption.

Conversely, the power sector recorded the highest CO2 emissions in 2022, totaling 14.6
gigatons, surpassing emissions from other economic sectors [128]. A strategy for curbing CO2
emissions in the power sector involves substituting fossil fuels with alternatives such as hydrogen,
biofuels, ammonia, and other sustainable fuels [33,71,129,130]. The investigation of hydrogen
combustion in gas turbines dates back several decades. In 1937, Dr. Hans von Ohain conducted
research on hydrogen fuel combustion in a gas turbine, encountering a significant challenge related
to the burnout of metal components in the hot sections of the gas turbine unit [28].

This study delves into the optimization of processes with hydrogen assistance and
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compares production costs between two sectors—the steel and power sectors—utilizing energy
and mass balance calculations.

Firstly, a process flow diagram is devised, and the mass and energy balance of the process
are calculated for each unit.

Secondly, operational parameters for HDRI-EAF and 100% hydrogen-fired gas turbine
systems are optimized for application in economic analyses.

Thirdly, technical and economic assessments of a hydrogen-fired gas turbine are executed
using the Aspen HYSY'S tool. Additionally, a combustion kinetics model for a 100% hydrogen-
fired gas turbine is developed using the Ansys Chemkin Pro tool.

Finally, comparative analyses are carried out, taking into consideration the levelized cost
of production for each product (i.e., steel and electricity).

4.2 Materials and Methods

4.2.1 The structure of the Tebinbulak DRI-EAF for the development of the HDRI-
EAF route.

A new mining and metallurgical complex, based on the Tebinbulak mine, is currently under
development following the Presidential Decrees # PP-3473 dated January 12, 2018, and # PP-459

Figure 40. 3-D layout of Tebinbulak metallurgical plan, Uzbekistan (under development).

dated December 28, 2022 [131] of the Republic of Uzbekistan [132]. Figure 40 depicts the 3-D
layout of the new metallurgical plant, which is based on the Direct Reduction Iron Ore (DRI) —
Electric Arc Furnace (EAF) technology and is scheduled to commence operations in 2027. It is the
first and currently the only DRI-EAF route-based metallurgical plant in Uzbekistan. Therefore, the
Hydrogen Direct Reduction Iron Ore — Electric Arc Furnace route can be designed, considering
the technical specifications of the targeted prospective metallurgical plant. More details of the
process flow diagram of the metallurgical plant are presented in Figure 41. The Tebinbulak
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metallurgical plant comprises several units, including iron ore mining, a beneficiation plant, a
pelletizing plant, a direct reduction plant, a submerged electric arc furnace plant, a basic oxygen

Basic Oxygen Furnace

Submerged Electric and Continuous castin
Arc furnace plant 2o area \/%

Figure 41. Process flow diagram of Tebinbulak mining and metallurgical complex in Uzbekistan.

furnace plant, and a continuous casting area for shaping target products (e.g., rebar, wire, corners,
channels, etc.). The annual plan involves extracting 58 million tons of iron ore, producing 3.6
million tons of direct-reduced iron (sponge iron) from that amount. Half of the 3.6 million tons of
direct-reduced iron will be used for producing 1.5 million tons of finished products, while the
remaining 1.8 million tons of direct-reduced iron will be sent to another metallurgical plant in
Bekabad city, Uzbekistan, as feed material for steel production [133]. Additional technical
specifications for the plant can be found in Table 20.

Table 20. Technical specification of Tebinbulak metallurgical plant.

# Specifications Value
1 Type of metallurgical plant DRI-SAF-BOF
3,000,000.00 t/year
2 Steel production
375.00 t/h
3,600,000.00 t/year
3 Required DRI for steel production
450.00 t/h
5,145,945.94 t/year
4 Iron ore mass flow (after beneficiation process)
643.24 t/h
5 Operation hours 8,000.00 hours/year
6 Total Fe in Fe>Os after beneficiation, concentrate 67.4 %
7 Implementation period 2022-2027
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In the current research, the mass flow of input materials is calculated based on the annual
production volume of finished products (steel) due to the limited availability of input parameters
for the Tebinbulak metallurgical plant.

To find economic effect of steel sector-based on hydrogen fuel, it is necessary to evaluate
the Levelized Cost of Production (LCOP) of steel, which is determined by the following Equation
[127,134]:

Equation 31. Levelized cost of production of steel.

Ccapex * ACC + Copex + Cmaint + Clabor + Cemission (31)

LCOP =
Annual steel production

Where, Ceapex represents the total investment cost, encompassing the cost of all main and auxiliary
units in the route, ACC is an annuity factor. On the other hand, Copex, Cmaint, Ciabor and Cemission are
costs associated with the operation, maintenance, labor, and emissions within the route
respectively. The annuity factor of the route is determined by the following equation [127,134]:
Equation 32. Annuity factor of HDRI-EAF route.

_rx(1+n)” (32)
T (1+rn-1

Where, 1 is the discount rate, and n is plant life. In this study, the life span of the HDRI-EAF route-
based plant is considered to be 20 years, with a discount rate is 10 %.

Additionally, the Net Present Value (NPV) of the plant is crucial for the accurate calculation of

LCOP over the selected life span period, and it is determined by the following equation [127]:
Equation 33. Net present value (NPV) of HDRI-EAF route.

NPV = Zn: Cr
L1+
n=1

Where, CF, r and n represent cumulative cash flow, discount rate and the life span of the plant
respectively.

ACC

(33)

4.2.2 100 % hydrogen-fired gas turbine modeling and specification

The gas turbine unit of the existing Combined Heat and Power (CHP) plant [116] with a 7.6
kW capacity has been selected for developing a 100 % hydrogen-fired gas turbine model. Based
on the technical specification of the existing plant, a new model has been designed to evaluate the
performance of the cycle. Aspen HYSYS software, utilizing the Peng-Robinson fluid package,
was employed to evaluate the technical parameters of the designed model, including the enthalpy
and entropy of fluid and fluid mixtures in the cycle. Figure 42 depicts the process flow diagram of
the 100 % hydrogen-fired gas turbine unit. Technical specifications of the cycle, based on 100 %
hydrogen combustion, are provided in Table 21. Considering the given technical specification, the

Hydrogen
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Air feed
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Comb
Q

Air comp
Compressor

To—_v
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!1 Exhaust
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work Gas
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Liquid
Figure 42. Process flow diagram of 100% hydrogen fired combined heat and power plant.
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specific fuel consumption in the designed model accounted for 1.24 kg/kWh compared to 0.31
kg/kWh in the reference case (i.e., 100 % natural gas-fired CHP plant).

In the model, the following reaction equation for the combustion of hydrogen was used
(Equation 30 is identical to Equation 30) [104]:

2H,(g) + 02 (8) — 2H,0 (1) (30)

Table 21. Technical specifications of the air compressor and gas turbine for the 100 % hydrogen-
fired CHP plant.

Parameters Air Gas turbine
compressor

Feed temperature (°C) 30 1312
Feed pressure (bar) 1.0 15.60
Product temperature (°C) 431.6 802.2
Product pressure (bar) 15.60 2.026
Adiabatic efficiency (%) 85.4 85.4

Mass flow of working medium (kg/h) 85,000.00 85,929.58

Pressure ratio 15.6 -

Polytropic efficiency (%) 89.5 81.97

Power (kWe) 10,025.37 17,149.23

In the analysis of the combustion process analyses in the design model, another model has
been developed using Ansys Chemkin Pro software for evaluating NOx emissions when the cycle
is fully operated on hydrogen fuel. Since there is no CO; emission from the 100 % hydrogen-fired
CHP plant, the anticipation of NOx emission becomes a critical consideration, aligning with
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Figure 43. Process flow diagram of a gas turbine with multi-fuel combustion approaches.

regulatory requirement for the power sector. Figure 43 illustrates the process flow diagram of the
gas turbine network developed using Ansys Chemkin Pro software. To mitigate NOy emissions,
the model employs the staging of inlet air method. Additionally, an exhaust gas recycling method
has been applied to reduce the amount of unburned gases in the exhaust gas. Figure 44 illustrates
the method for investigating combustion kinetics in the gas turbine network. The network
comprises three zones: the mixing zone, flame, and post flame zones. In the mixing zone, air and
hydrogen are premixed and then sent to the flame zone. In the flame zone, a portion of the air is
allocated to reduce thermal NOyx formation, and some exhaust gases are recycled to ensure the
complete combustion of the working fuel in the network. The developed model has been simulated
by applying the GRImech 3.0 mechanism, which includes 5 elements (C, H, O, N and Ar), 53
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chemical species, and 325 reactions for analyzing the chemical kinetics of the network [89]. Figure
8 includes several units, namely Perfectly Stirred Reactors (PSR), divided into three parts. PSR
R1 represents the Mixing, PSR R2 represents the Recirculation zone, and PSR R3 represents the

Lam-\hA
\ =

Post-flame zone

Fuel (H2)

Plug-flow reactor

Perfectly Stirred
Reactors

Figure 44. Process flow diagram of gas turbine network describing three target zones: mixing,
flame, and post flame zones.

Flame zone of the gas network based on the illustration given in Figure 44.
The thermal efficiency of the gas turbine network is determined using the following
equation:
Equation 34. Thermal efficiency of gas turbine.

-1
Work done P1 YT (34)
orn=1- <—)

n

~ Heat input P2

Where E is the pressure ratio of the cycle, which ranges between 11 and 16, v is the adiabatic

constant [31]. Total power output from the cycle can be calculated from the following equation:
Equation 35. Total power output of CHP.

W= Wturbine - Wcompressor (35)

Where Wiurbine 1s the power generated by the gas turbine’s generator, and Weompressor 1S the

power consumed by the air compression unit.
In turn, the power consumed by the air compressor, Wecompressor, 1S found from the following
equation:

Equation 36. Power consumption of the air compressor.

W = Heat flow et — Heat flow;yet (36)

In the case of the power generated by the gas turbine generator, Wiurbine, it is found from the
following equation:

Equation 37. Power output of gas turbine unit generator.

W = Heat flow;et — Heat flowg et (37)

The isentropic (ideal) efficiency of the compressor (1)) is determined from the following equation:
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Equation 38. Isentropic efficiency of the compressor.

y-1 38
(Epc) v -1 ( )
(spc) Vo Mep —1

Power required;qea;

X 100% = x 100%

e = power required,ceyal

Where &, is the pressure ratio of a compressor, and y and 1/, are the ratio of specific heats and is

the polytropic efficiency of the compressor, respectively. Since “adiabatic” and ““isentropic”

efficiencies are used interchangeably, isentropic power is considered as an ideal power.

As for the polytropic efficiency of the compressor (1)c/p), it is determined by the following equation:
Equation 39. Polytropic efficiency of the compressor.

__ Workinputjgea)
Nep =

X 100% = -2 x £ x 100% (39)

Work inputyctyal n

In the case of the isentropic efficiency of gas turbine (1), it is determined by the following
equation:
Equation 40. Isentropic efficiency of gas turbine.

B Work produced ,¢tya;

40
ne = (40)

X 100%

Work output;qear

On the other hand, the polytropic efficiency of the gas turbine (1yp) is determined by the following
equation:
Equation 41. Polytropic efficiency of the gas turbine.
n—1 Y (41)

X X 100%
n y—1

Ne/p =

Where, n and vy are the polytropic index and the ratio of specific heats, respectively.
An expression relating the isentropic and polytropic efficiencies of the gas turbine, with emphasis
on the pressure ratio, is calculated from the following equation:

Equation 42. The Isentropic efficiency of the gas turbine as a function of the polytropic
efficiency of the gas turbine and compression ratio.

€
N = D X 100%

1 yr—=
1—(s—pt)y

Where €, and vy are the ratios of pressure and specific heats of a gas turbine, and ngp is the gas
turbine’s polytropic efficiency [91,92].

Since the evaluation of CO> emissions from the cycle is one of parameter of decarbonization
studies, the CO2 emission of the model has been determined from the following equation (Equation
22 is identical to Equation 22):

CO,emission rate = Q X EF (22)

Where, Q (energy/time) represents the input energy in the system, and EF (kg CO»/energy) is the
emission factor of the fuel used in the system [93].

Regarding the economic features of the model, the Levelized Cost of Electricity (LCOE) is a
criterion, and the following equation provides detailed information [94] (Equation 23 is identical
to Equation 23):
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gn Mty @3)
=1 1+t
n _ Et
=11+t
Where I; is the capital expenditure, including the cost of investment and construction works over
t years, M; is the operational expenditure, including the cost of operation and maintenance over t
years, Fi is the operational expenditure, including expenses on using fuel over t years, E; is the
total power output over t years, r and n are the rate of discount and the lifespan of the technology,

LCOE =

respectively.
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4.3 Results and discussion

In this section, the results and discussions derived from two distinct approaches are
presented: the use of hydrogen fuel as a reducing agent in the steel industry and as a working agent
for combustion in the power sector. Initially, the details on mass and energy balance, along with
optimized reduction process results are provided. The energy consumption and the speed of
reduction with findings from previous studies, emphasizing the innovative nature of our approach
are compared. Subsequently, the Levelized Cost of Production (LCOP) for 1 ton of liquid steel,
enabling a comparison with the cost of generating 1 kWh of electricity from a gas turbine unit
running exclusively on hydrogen fuel is calculated. This comparison aims to offer insights into the
prospects of each sector. Additionally, this section covers the development of a 100% hydrogen-
fired gas turbine unit with optimized operational conditions. The assumption is made that the gas
turbine operates stably under the 100% hydrogen combustion mode, drawing support from a
previous study that successfully demonstrated such operation [135,136].

4.3.1 Optimized operational condition of HDRI-EAF

Due to limited available input parameters of new metallurgical plant in Uzbekistan, it was not
possible to conduct wide range of sensitive analysis. Nevertheless, the proposed operational
parameters of the plant were calculated using output product amount. Table 22 shows the optimal
operational parameters of HDRI-EAF based on Tebinbulak metallurgical plant.

Table 22. Operation related specification of HDRI-EAF.

Name of specification Unit Value
Required Iron ore t/h 643.24
Required sponge iron for steel production t/h 450.00
Target steel production t/h 375.00
Require hydrogen amount for steel production t/h 24.32
Required hydrogen amount for steel production during sunshine h 8339
hours (7h)
Electricity required by electrolyzer efficiency (2020) per hour kWh 4,420,077.22
Electricity required by electrolyzer efficiency (2030) per hour kWh 3,752,895.75
Required hydrogen storage kgH2/h 59,073.36
Required electricity for compressions of hydrogen per hour kWh 55,264.32
Required hydrogen production and storage hours h 7
Number of hours of hydrogen production is not taking place h 17
Required operation hours of HDRI-EAF per year h 8000
Required amount of ultrgpure wate;r per kg of hydrogen ke 9 (13)
production (practical)
Required amount of ultrapure water t/h 316.21
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In the optimization process, green hydrogen production occurs during the 7 hours of
available sunshine in Uzbekistan. In this case, the electricity needed for green hydrogen production
is planned to be sourced from a solar PV plant.

4.3.2 Levelized cost of production of HDRI-EAF

In addition to the optimization of the HDRI-EAF process, the evaluation of the cost of steel

is also an important factor towards successful commercialization and implementation of this route
in developed and emerging countries.

Table 23. HDRI-EAF capital expenditure specification.

Capital cost (assumptions)

Equipment name Unit Cost Reference

Electrolyzer USD/kW 450 Melnikov, 2023 [106]

Electrolyzer stack replacement cost USD/kW 200 IRENA, 2021 [137,138],
Krishnan et al., 2023 [139]
Shaft furnace USD/tsteel/year 260 Kruger et al., 2020 [140]
Electric air furnace USD/tsteel/year 200 Kruger et al., 2020 [140]
Hydrogen storage tank USD kg/H» 400 Feng, 2022 [141]

Hydorgen compressor USD kg/H» 2545 Christensen, 2020 [142]

Table 23 shows a summary of investment costs illustrating the capital expenditure of the
HDRI-EAF route. The case of Uzbekistan was applied in this study by using available costs of
each unit and materials. In the economic evaluations, additional units have been added to the

calculations, such as hydrogen storage and compression units. Table 24 shows details of
operational expenditure of HDRI-EAF.

Table 24. HDRI-EAF operational expenditure specification.
Operational cost (assumptions)

Item name Unit Cost Reference
Iron ore USD/t 138 Kolisnichenko, 2023 [143]
Electrolyzer efficiency (2020) kWh/kgH> 53 Bhaskar et al., 2022 [127]
Electrolyzer efficiency (2030) kWh/kg H» 45 Bhaskar et al., 2022 [127]
Monitor Deloitte, 2021 [144]
Hydrogen fuel USD/kg 2.5-3 Melnikov, 2023 [106]
Ultrapure water for H USD/kg 0.08 Flagma.uz, 2024 [145]
production
Required H» storage capacity kgH2/7h 413,513.51 Based on calculation
DRI OPEX USD/tls 12 Cavaliere, 2019 [146]
Electric air furnace OPEX USD/tls 33 Cavaliere, 2019 [146]
Hydrogen storage OPEX % of H; storage 2 Elsheikh, 2023 [147]
CAPEX
Emission price USD/tCO» 11 Anderson et al., 2022 [148]
Grid emission factor gCO2/kWh 400 IRENA, 2023 [149]
(Uzbekistan)
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Based on the latest reports, the cost of stack replacement is about 45 % of the total capital
expenditure of the alkaline electrolyzer unit [137]. In economic evaluation studies, the technical
specifications of the Tebinbulak DRI-EAF project (under development) have been selected for the
case study in the current investigations [133]. Due to limited data from the selected case study,
additional technical specifications of DRI-EAF have been used for the current study [150]. Current
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Figure 45. Capital and operational expenditure of HDRI-EAF with electrolyzer unit of 2020
efficiency.
available alkaline electrolyzer [137,138,151] with 2020 efficiency have a stack with a lifetime period

of 60,000.00-80,000.00 hours, and the electrolyzer units in the current study are operated during
sunshine hours with an overall 51,100.00 hours in the 20 years of HDRI-EAF’s lifespan period.
Operational expenditures on stack replacement for electrolyzer were not included in the
calculations of LCOP. There are some assumptions applied in LCOP calculations. For example,
the Uzbek commodity exchange does not have several products on sale, namely iron ore,
electrolyzer, hydrogen fuel, ultrapure water, hydrogen compression and storage units, shaft furnace,
EAF, etc. Calculations on the economic indicators of the route, in the case of the Tebinbulak project
(under development) [133] in Uzbekistan with an annual 3 million tons of liquid steel production,
resulted in 633.68 USD/tls of LCOP. The original project does not include hydrogen fuel as a
reducing agent, but in this study, green hydrogen was introduced instead of the designated fossil
fuel. Figure 45 shows the capital and operational expenditure of the HDRI-EAF route based on
applying electrolyzer units with 2020 efficiency (53 kWh/kgH>). Due to limited data from the
ongoing project in Tebinbulak, it was not possible to acquire the project-based capital and
operational expenditures on the shaft furnace, electric arc furnace, and local iron ore price. As a
result, the HDRI-EAF route with an electrolyzer of 2020 efficiency requires an overall investment
of 3,752,345,559.85 USD or 1,250.78 USD/tls and 1,369,478,570.51 USD/year of operational
costs.

In the case of economic analysis of the HDRI-EAF route with an electrolyzer of 2030
efficiency (45 kWh/kgH>), it accounted for 606.30 USD/tls of LCOP (Figure 46). In this route with
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an electrolyzer of 2030 efficiency, the total investment requires 3,452,113,899.61 USD or 1,150.70
USD/tls, and operational expenditure of 1,323,453,056.99 USD/year. In the calculations, solar PV
electricity with a 0.027 USD/kWh rate was used for producing hydrogen with electrolyzer.

Taking into account the LCOP in two cases, it ranged between 606.30 USD/tls and 633.68
USD/tls for the case of Uzbekistan, while conventional steel production at Uzmetkombinat in
Bekabad city, Uzbekistan, provided a LCOP of finished product at 406 USD/tls [152].

4.3.3 Optimized operation of 100 % hydrogen-fired gas turbine model

In this section, the results of optimization strategies for the 100 % hydrogen-fired gas
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Figure 46. Capital and operational expenditure of HDRI-EAF with electrolyzer unit of 2030
efficiency.

turbine cycle were described based on the simulation model developed using Aspen HYSY'S and
Ansys Chemkin Pro software tools. Table 25 shows the main results of the mass stream of the

model.

Table 25. Material stream of 100 % hydrogen-fired gas turbine model developed on Aspen
HYSYS.

Name Air feed To Hydrogen To Exhaust
Turbine fuel combustion
Vapor fraction 1 1 1 1 1
Temperature [°C] 30 1,400.0 30 431.6 862.7
Pressure [bar] 1.00 15.6 20.3 15.6 2.026
Molar flow [kgmole/h] 2,955.0 3,186.0 461.3 2,955.0 3,186.0
Mass flow [kg/h] 85,000.0  85,929.5 930.0 85,000.0 85,929.5
Liquid volume flow [m3/h] 98.9 100.8 13.3 98.96 100.8
Heat flow [kcal/h] 97,479.9  8,739,123.2  15,596.7  8,723,526.6 -6,016,452.3
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Table 26 includes energy flows of the model. In the model, the total flow of the inlet stream
accounted for 8,739,123.33 kcal/h or 10,156.80 kW. The system’s energy balance was also closed.

Table 26. Energy balance of 100 % hydrogen-fired gas turbine model developed on Aspen
HYSYS.

Inlet Streams Energy Flow Outlet Streams  Energy Flow
[kcal/h] [kcal/h]

Air Feed 97,479.95 Exhaust -6,016,452.39

Q Compressor 8,626,046.65 Gas turbine work  14,755,575.72

Hydrogen fuel 15,596.73

In terms of finding the optimized condition for the operation of the 100 % hydrogen-fired
gas turbine unit, Figure 47 shows different electric efficiencies at different power outputs of the
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Figure 48. Comparison of natural and hydrogen gas-fired cycles power output over fluctuating
electric efficiency of target model.

100 % hydrogen-fired gas turbine in comparison with the benchmark power output based on the
100 % natural gas-fired gas turbine cycle. The main optimization criteria in the target model were
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staying within the range of the inlet temperature of the gas turbine unit. Analyzing all fingins, the
condition with a 1,400 °C inlet temperature resulted in a 34.10 % electric efficiency (93.73 %
achievability of the reference model power output of 7,600.00 kW), 7,123.86 kW power output,
930.00 kg/h mass flow of hydrogen, and 85,000.00 kg/h mass flow of air. As mentioned earlier,
there is no CO; emission in the exhaust gases of the model. On the other hand, the cycle presents
challenges with NOx emissions. Figure 48 shows the fluctuation of NOx emissions at three points,
namely Perfectly-Stirred Reactor (PSR) 1, 2 and 3. The ultimate value of NOx at 15% O is rated
at 50.82 ppm, which is higher than the required benchmark (9.9 ppm at 15% O>) set by the gas
turbine manufacturer [116]. However, the 50.82 ppm of NOx emissions at 15 % O is still lower
than the latest findings of Banihabib et al. [136], which reported 62 ppm of NOx emissions at 15 %
Os. Therefore, the result of the lowest NOx emissions at 15 % Ox is still significant and novel.

Table 27. Capital expenditure of 100 % hydrogen-fired gas turbine with a 7.6MW output capacity.

Capital cost (assumptions)

Equipment name Unit Cost Reference
Electrolyzer USD/kW 450 Melnikov, 2023 [106]
Electrolyzer stack replacement USD/kW 200 IRENA, 2021 [137,138],
cost Krishnan et al., 2023 [139]
CHP CAPEX (electrolyzer units ~ USD/kW/year 14,223.77 Calculation results
2020)
CHP CAPEX (electrolyzer units ~ USD/kW/year 12,612.45 Calculation results
2030)
Hydrogen storage tank USD kg/H» 400 Feng, 2022 [141]
Hydrogen Compressor USD kg/H» 2545 Christensen, 2020 [142]

Regarding the economic indicators of the model, calculations included capital and
operating expenditures. Table 27 provides details of capital expenditures for the successful
operation of the 100 % hydrogen-fired gas turbine unit.

As Uzbekistan has an average of 7 hours of sunshine daily [153], it is necessary to consider
the required hydrogen storage capacity (15,810.00 kg of H» per 7 hours or 2,258.57 kg of H» per
hour) for storing the necessary amount of hydrogen to use during the unavailable sunshine
operation hours of the CHP plant. Taking into consideration the necessary amount of hydrogen
production, it is required to have an electrolyzer unit with a 168.99 MW capacity in the case of
one with an efficiency of 2020 or a 143.48 MW capacity with an efficiency of 2030. From the
stoichiometry of the reaction mentioned in equation 26, 9 kg of ultra-pure water is required to
produce 1 kg of hydrogen. In practice, 10-13 kg of water is required to produce 1 kg of hydrogen,
taking into consideration the losses in the electrolyzer unit [154]. Therefore, for the above-
mentioned 100 % hydrogen-fired gas turbine unit, it is necessary to prepare 12,090.00 kg of ultra-
pure water per hour.

On the other hand, Table 28 provides details of operational expenditure for running the
100 % hydrogen-fired gas turbine with a 7.6 MW installed capacity.
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Table 28. Operational expenditure of 100 % hydrogen-fired gas turbine with a 7.6 MW capacity.

Operational cost (assumptions)

Item name Unit Cost Reference
Hydrogen fuel USD/kg 2.5-3 Melnikov, 2023 [106]
Electrolyzer efficiency (2020) kWh/kgH> 53 Bhaskar et al., 2022 [127]
Electrolyzer efficiency (2030) kWh/kgH> 45 Bhaskar et al., 2022 [127]
Monitor Deloitte, 2021 [144]
Required H» storage capacity kgH2/h 2259 Based on calculation
Ultrapure water for H> production USD/kg 0.08 Flagma.uz, 2024 [145]
Hydrogen compression unit 20.3 bar kWh/kgH2 2.27 Calculation results
CHP OPEX (electrolyzer units 2020) USD/kW/year 2432.27 Calculation results
CHP OPEX (electrolyzer units 2030) USD/kW/year 2185.26 Calculation results
Emission price USD/tCO; 11 Anderson et al., 2022 [148]
Grid emission factor (Uzbekistan) gCO2/kWh 400 IRENA, 2023 [149]

Taking into consideration the condition of operating the existing gas turbine unit with a
7,123.86 kW output power capacity, using hydrogen as the main fuel, including electrolyzer units
of 2020 efficiency, ultrapure water for hydrogen production, hydrogen compressor and storage,
the LCOE accounted for 0.81 USD/kWh. In comparison, the LCOE of the first solar PV plant in
Uzbekistan accounted for 0.027USD/kWh [106]. The reason for such a high LCOE from the 100 %
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Figure 49. CAPEX and OPEX (electrolyzer efficiency 2020) of 100 % hydrogen-fired gas turbine.

hydrogen fired gas turbine is additional capital and operational expenditures, namely electrolyzer
units, hydrogen compressor and storage tank, and feed materials for hydrogen production. Studies
of Skordoulias et al. also found the LCOE of 100 % hydrogen-fired gas turbine in a similar range
[155]. Figures 49 and 50 show a breakdown of capital and operational expenditures of the 100 %
hydrogen-fired gas turbine with an emphasis on costs related to electrolyzer units with different
efficiencies (i.e., 2020 and 2030). In the cost breakdown of CAPEX with an electolyzer of 2020
efficiency, the highest capital expenditure (75.1 %) belongs to the procurement of electrolyzer
units, and the overall investment cost was 14,223.77 USD/kW. Therefore, electricity consumed by
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the electrolyzer with an efficiency of 2020 accounted for 67.3 % in the cost breakdown of OPEX.
On the other hand, the case with an electrolyzer of 2030 showed lower expenditures, such as
71.9 % of the electrolyzer share in CAPEX and 63.6 % of electrolyzer operational expenditures.
The overall investment cost of the system was 12,612.45 USD/kW. Both cases are far from the
overall CAPEX of the reference 100 % natural gas-fired gas turbine unit, which is 2,183.00
USD/kW. The reason for such high expenditure costs related to electrolyzer unit CAPEX and
OPEX is the operation of electrolyzer units only during sunshine hours (7 hours) and the generation
of green hydrogen.

A comparison of findings in both cases, applying hydrogen fuel for the full (100 %)
replacement of fossil fuel consumption in the steel and power sectors, gives a good understanding
of the future perspectives of each sector. As HDRI-EAF route’s LCOP ranged between 606.30
USD/tls and 633.68 USD/tls, the impact of 1 kg of used hydrogen on the total hourly cost of steel
ranged between 9.34 and 9.76 USD per kg of used hydrogen. In the case of the 100 % hydrogen-
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31.3%
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- Hydrogen storage unit 1 Ultrapure water for H2 production

Figure 50. CAPEX and OPEX (electrolyzer efficiency 2030) of 100 % hydrogen-fired gas turbine.

fired gas turbine unit, LCOE ranged between 0.72 and 0.80 USD/kWh, and the impact of 1 kg of
hydrogen fuel on the total hourly produced electricity amounted to a value in the range of 5.53 and
6.18 USD per kg of consumed hydrogen.
Since the investment cost to produce 1 kg of hydrogen fuel in the HDRI-EAF route and
100 % fired-gas turbine unit, in cases of electrolyzer units with 2020 and 2030 efficiency features,
requires 91,116.42 USD/kgH>» capacity and 78,773.57 USD/kgH> capacity respectively, the steel
sector has a more attractive final product cost compared to the power sector.
From the viewpoint of the achievability of the required installed electrolyzer units, HDRI-
EAF with electrolyzer units (2020 and 2030 efficiency rates) requires 4,420.07 MW and 3,752.89
MW respectively, while the 100 % hydrogen-fired gas turbine needs 168.99 MW of electrolyzer
with 2020 efficiency and 143.48 MW in the case of the one with 2030 efficiency. As the recent
largest alkaline electrolyzer-based hydrogen-producing plant with a 260 MW capacity in Xinjiang,
northwest China [156] has failed in stable operation due to fluctuations in renewable energy output,
from a technical and financial viewpoint, it is difficult to deploy hydrogen units for the prospective
Tebinbulak DRI-EAF route at this moment. On the other hand, it is the first DRI-EAF route-based
metallurgical plant in Uzbekistan, and there are no other small-scale DRI-EAF routes in the
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country. In the case of applying hydrogen fuel in the power sector of Uzbekistan, there are several
applicable gas turbines in existing power plants with capacities in the range of 7.6 MW to 650 MW
gas turbine units [157]. Another positive development in this direction is ACWA Power launching
the first green hydrogen project in Uzbekistan with a capacity of 3,000.00 tons of hydrogen
production per year. In addition, ACWA Power is developing another pilot project for producing
3,000.00 tons of green ammonia per year and a subsequent project for 500,000.00 tons of green
ammonia per year [158]. As the current study’s 100 % hydrogen fired gas turbine model requires
4,643.67 tons of hydrogen per year for the demands of the CHP, this source of hydrogen and
ammonia can be used in the power sector to replace fossil fuel. Future scenarios for 2030 from
previous study of Giacomazzi et al. [70,159] also mention the possibility of reducing NOx emission
below 25 ppmvd at 15 % Oz with 100 % hydrogen combustion. Moreover, an issue related to the
flashback phenomena of hydrogen combustion in a gas turbine must also be considered before
transforming existing gas turbine units from conventional fuel to hydrogen [160]. Last but not least,
hydrogen storage under high pressure in this study showed high costs, including expenses on the
compression unit. Therefore, ammonia-based hydrogen storage can also be considered as a
potential option based on previous studies [161-163]. The findings have been published in the
Energies journal (Energies 2024, 17(5), 1242).

4.4 Conclusion

This research work aims to compare the eftects of applying hydrogen fuel in the steel and
power sectors of Uzbekistan. Firstly, the energy and mass balance of Hydrogen Direct Reduction
Iron ore — Electric Arc Furnace (HDRI-EAF), analysis of energy consumption indicators of the
process, and lab-scale experiments for optimizing the yield of reduction with an emphasis on
residence time, temperature, and mass flow of hydrogen have been investigated. Secondly,
optimized condition of the energy and mass balance of the 100 % hydrogen-fired gas turbine unit
with a 7.6 MW installed capacity were found for analyzing the chemical kinetics in the hydrogen
combustion process. Thirdly, the levelized cost of production of steel, in the example of
prospective Tebinbulak DRI-EAF route-based metallurgical plant in Uzbekistan, was conducted
to compare with the levelized cost of electricity of the 100 % hydrogen-fired gas turbine unit at
Fergana CHP in Uzbekistan. After discussing all results from two different hydrogen-based
industrials sectors, the following research findings are summarized:

e The total specific energy consumption of the HDRI-EAF route, as determined through
energy and mass balance calculations, yielded a significantly lower value (2,679.69 kWh/tls)
compared to previous findings in other studies.

¢ Optimizing iron ore reduction with hydrogen fuel in a laboratory condition experiment
provided valuable expertise in handling hydrogen fuel in the process. This optimization resulted
in a high reduction yield at lower temperature (770 °C) and within a limited residence time (7
minutes for two identical samples or 3.5 minutes per sample), compared to the experimental
conditions of previous studies.

eIn the case of the 100 % hydrogen-fired gas turbine, several simulations on Aspen
HYSYS resulted in finding optimal condition with energy and mass balance for the cycle. The
newly developed cycle was able to achieve nearly 93.73% of installed capacity (7.6 MW) of the
gas turbine output power rate.

¢ As for emissions from the newly developed 100 % hydrogen-fired gas turbine cycle, no
CO2 emissions were observed. Regarding NOx emissions at 15 % O2, the findings (50.82 ppmvd)
exceeded the manufacturer’s regulation (9.9 ppmvd) but remained lower than those demonstrated
by a recently introduced novel 100 % hydrogen fired micro gas turbine (62 ppmvd).

e In the economic assessment of the HDRI-EAF route, two scenarios, each with different
efficiency levels of electrolyzer units (2020 and 2030), have been investigated. The results show
a lower Levelized Cost of Production (LCOP) of steel, ranging from 606.30 USD/tls to 633.68
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USD/tls), compared to recently conducted studies on economic analysis of HDRI-EAF (which
reported values from 622 USD/tls to 722 USD/tls).

¢ On the other hand, the 100 % hydrogen fired gas turbine resulted in LCOE ranging from
0.72 USD/kWh to 0.80 USD/kWh with hydrogen production on-site or 0.46 USD/kWh LCOE
without hydrogen production on—site but procuring hydrogen from outside at 3 USD/kgH?2,
falling within a similar range to previous studies (from 0.50 USD/kWh to 0.75 USD/kWh).
However, in comparison with the LCOE (from 0.027 USD/kWh to 0.08 USD/kWh) of
conventional power plants in Uzbekistan, there is a significant difference that must be reduced in
the future.

e Comparative analysis of LCOP of HDRI-EAF route and LCOE of 100 % hydrogen-fired
gas turbine provided clear picture on capital and operational expenditure of each system. The effect
of 1 kg of hydrogen was higher in the case of steel sector (from 9.34 to 9.76 USD per kg of used
hydrogen) and lower in case of power sector (from 5.53 to 6.18 USD per kg of consumed
hydrogen). Capacity of required electrolyzer units and availability of wide range of applicable
technologies pointed to power sector transformation from fossil to hydrogen fuel in a short term.
To prioritize the power sector, various aspects are emphasized, such as several existing gas turbine
units in Uzbekistan with a wide range of capacity and significant CO2 emissions in the power
sector, rather than the steel manufacturing sector.
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Chapter 5. General Discussion and Conclusions

5.1 Discussion

The decarbonization of the most carbon-intensive industries, such as the steel and power
sectors, is imperative for the sustainable development of these global industries. Initial steps
involve conducting energy and mass balance evaluations for the Hydrogen Direct Reduction Iron
Ore — Electric Arc Furnace (HDRI-EAF) route and performing experiments to optimize the
reduction parameters of the process. The Specific Energy Consumption (SEC) of the HDRI-EAF
was calculated as 2,679.69 kWh/tls. In comparison, earlier studies by Bhaskar et al. (2020)
reported an SEC of 3.72 MWh/tls for HDRI-EAF [23], and Vogl et al. (2018) found an SEC of 3.48
MWh/tls [61]. The notable variation in SEC among studies is attributed to the use of different
methodologies, including variations in the ratios of the actual flow rate of hydrogen to the
stoichiometric flow rate required for the reduction reaction. Concerning the optimization of the
reduction process, complete reduction of Fe2Os3 can be achieved within 7 minutes using a hydrogen
mass flow of 1 L/min for two identical samples of Fe,Os, each weighing 2.3622g, at a temperature
of 770 °C. Regarding the optimization of the reduction process, earlier studies, such as the review
by Heidari et al. (2021), indicated a 95% reduction in iron ore using 100% hydrogen in 5 minutes
at 700 °C [40]. Wagner et al. (2006) achieved a 90% reduction of iron ore with 100% H2 at 800 °C
within 3.5 minutes or 210 seconds [48]. Additionally, Patisson et al. (2020) reported a 50% and
40% reduction yield at 770 °C with 4.7 g of iron ore, using a mass flow of 2 L/min of H2/He
(60/40 vol.) [43]. The differences in reduction yield and residence time noted in prior research, in
contrast to the outcomes of the present study, can be ascribed to the utilization of distinct
experimental configurations, varied iron ore compositions, and sample forms (fine or pellet), as
well as discrepancies in the composition of the reducing agent, potentially involving diverse inert
gases. The findings have been published in the Energies journal (Energies 2024, 17(5), 1242).

When considering strategies for decarbonizing the power sector, technical and economic
considerations play a pivotal role in determining the most suitable and feasible scenario. In terms
of technical parameters, aspects such as output power, CO2 and NOx emissions, net efficiency, and
specific fuel consumption undergo thorough examination and analysis utilizing Aspen HYSY'S
v8.8 and Ansys Chemkin Pro R1 software tools. Furthermore, the levelized cost of electricity for
each scenario, incorporating various fuel blends, is calculated through discounted cash flow
analysis. In the discussion of output power across all scenarios, Scenario 2 emerged as the most
compelling choice, achieving the highest output capacity of 7,661.00 kW (100.73%). This
surpassed the power output of Scenarios 1 (7,605.00 kW) (100%), 3 (7,578.00 kW) (99.64%), and
4 (7,637.00 kW) (100.42%). Comparing the findings of the current study with previous research,
Ito et al. (2020) explored a combustor with a 2 MW capacity, achieving 2 MW with the co-firing
of 20% vol. NHj3 [164]. In contrast, Azaria Haykal Ahmad et al. (2023) reported a 98.7% output
power attainment with 30% vol. hydrogen co-firing in a gas turbine [165]. In the present study, a
99.64% output capacity was achieved with 30% vol. hydrogen co-firing. The slight difference in
replacing natural gas with 30% vol. hydrogen can be attributed to various factors, including unit
capacity, the distinct calorific value of the main fuel (natural gas), variations in inlet air temperature,
differences in fluid packages, distinct inlet temperatures of the gas turbine, and other technical
parameters.

66



CO> emissions in scenarios 1, 2, 3, and 4 were 6,070.00 kg/h (100%), 5,228.00 kg/h (86%),
5,345.00 kg/h (88%), and 3,979.00 kg/h (66%), respectively. Scenario 4 exhibited the highest
reduction in CO; emissions compared to other scenarios. In a study by Koc et al. (2020), a
hydrogen-co-firing gas turbine with 50 MW reported 1.0434 kg CO2/kWh [108], while scenario 3
in the current study achieved 0.70 kg CO2/kWh. Scenarios 1, 2, and 4 resulted in 0.79 kg CO2/kWh,
0.68 kg CO2/kWh, and 0.52 kg CO2/kWh, respectively. The variation in CO> emissions per kWh
among different fuel blends is linked to the combustion efficiency of each blend. Differences in
CO2/kWh compared to previous studies can be attributed to the composition of the used fuel and,
notably, the turbine design, especially the software tool employed. The net efficiency in scenarios
1, 2, 3, and 4 varied, with values of 34.41 %, 35.52 %, 34.81 %, and 36.67 %, respectively. This
variation can be traced back to the different inlet temperatures of the gas turbine in each scenario
(1313 °C, 1316 °C, 1323 °C, and 1335 °C). Ammonia combustion, with its wide flammability
limits, played a role in enhancing combustion efficiency. The Levelized Cost of Electricity (LCOE)
for these scenarios was 0.09 USD/kWh, 0.14 USD/kWh, 0.13 USD/kWh, and 0.19 USD/kWh,
respectively, mainly influenced by fuel cost. Among the provided fuels, natural gas proved to be
the most cost-effective at 0.09 USD/kg. Specific fuel consumption in scenarios 1, 2, 3, and 4 was
0.31 kg/kWh, 0.38 kg/kWh, 0.39 kg/kWh, and 0.51 kg/kWh, respectively. The combustor design
led to a higher required amount of fuel for hydrogen compared to ammonia, underscoring the
suitability of ammonia for combustion. NOx emissions at 15 % O in scenarios 1, 2, 3, and 4 were
9.7 ppm, 1819.9 ppm, 3.1 ppm, and 2229.6 ppm, respectively. Egawa et al. (2023) reported low
NOx emissions with a 30 % vol. hydrogen co-firing gas turbine, while significant increases were
noted under the NH3 co-firing approach [166]. The notable NOx emissions in Scenarios 2 and 4 are
associated with variations in the amount of free radicals observed after premixing ammonia and
hydrogen in the fuel mixture. In Scenario 2, the presence of the intermediate product HNO
resulting from ammonia combustion contributes to the formation of NOx emissions, explaining
the significantly higher NOx emissions in Scenarios 2 and 4. Discussing the suitability of H> and
NH3 at a 30 % volume share, H> can be a suitable option, although it has some disadvantages such
as the potential for easy leakage from junctions of the fuel handling units. Therefore, it is advisable
to investigate inert gas and oxygen-based sealing methods in gas turbines to prevent hydrogen
leakage. The findings have been published in International Journal of Hydrogen Energy (Vol. 61,
pp. 432-443).

After identifying the appropriate and viable iron ore reduction and fuel-blending option,
the next step is to assess the impact of introducing 1 kg of hydrogen in the steel and power sectors.
This serves as an example for Uzbekistan, illustrating the transformation from conventional
operation mode to a hydrogen-based mode. Hydrogen consumption in both the steel and power
plant cases was reported at 0.06 kgH/kg of steel and 0.13 kgH>/kWh, respectively. The HDRI-
EAF theoretically requires 54 kg of Ha to produce 1 ton of steel. However, in the new Tebinbulak
metallurgical complex, the actual value stands at 60 kg of Hz per ton of steel. In terms of hydrogen-
based electricity generation, the theoretical requirement is 0.03 kg of H» to produce 1 kWh of
electricity. The findings of this study reveal a higher consumption rate of 0.13 kg of H> for 1 kWh
of electricity generation, largely influenced by the gas turbine combustor design limitations in
Aspen HYSYS, lacking specific functions for new combustor options like multi-cluster or
premixed. Capital expenditure (CAPEX) related to the product cost in hydrogen-based steel is 1.9
times higher than the cost of 1 ton of hydrogen-based steel and 3.5 times more than the cost of 1
kWh of hydrogen-based electricity. This substantial difference in CAPEX between the 100%
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hydrogen-fired gas turbine and 1 kWh of electricity is attributed to the high hydrogen consumption
in the power sector. Operational expenditure (OPEX) for the steel plant is 0.72 times the cost of 1
ton, while OPEX for the power plant is 0.6 times the cost of 1 kWh. The slightly elevated OPEX
in the steel plant is linked to iron ore procurement costs. The cost impact of 1 kg of hydrogen is
higher in the steel sector, increasing from 9.34 to 9.76 USD per kg of used hydrogen, and lower in
the power sector, rising from 5.53 to 6.18 USD per kg of consumed hydrogen. If hydrogen fuel is
not produced on-site and is purchased externally at $3 per kgH», the Levelized Cost of Production
(LCOP) in the steel plant case will be $578/tls, and in the power plant case, it will be 0.46
USD/kWh. With this approach, the levelized cost of steel and electricity can decrease by 9% and
42.5%, respectively. The cost of 1 ton of hydrogen-based liquid steel is 1.49 times that of 1 ton of
EAF-based steel (conventional). Additionally, the cost of 1 kWh of hydrogen-based electricity is
0.72 USD, which is 9 times the current sale price (0.08 USD/kWh) of electricity produced with a
conventional approach in Uzbekistan. The findings have been published in the Energies journal
(Energies 2024, 17(5), 1242).

5.2 Conclusions

After reviewing all the findings throughout the entire research, the following conclusions
are summarized:

e The Specific Energy Consumption (SEC) of HDRI-EAF amounted to 2,679.69 kWh/tls. To
reduce 1,428.00 kg of iron ore or produce 1 ton of liquid steel, 54 kg of H» is needed.
Additionally, 483 kg of H>O is required to produce 54 kg of H». To produce 1 ton of liquid
steel, 999 kg of sponge iron and 1 kg of char are necessary.

e 7 minutes of residence time with a mass flow of 1 L/min of H> consumption for reducing two
identical 2.3622g Fe>O3 samples are most optimally reduced, each with 99.70% and 99.33%
yield of reduction at 770 °C.

e Four scenarios are developed. Scenario 1, Scenario 2, Scenario 3 and Scenario 4 with fuel
blending of 100 % Natural gas (NG); 30% NH; & 70 % NG; 30% Hz & 70% NG and 30%
NHs, 30% Hz & 40 % NG. respectively. Output power in all scenarios varied from each other.
Scenario 4, with a fuel blend including ammonia (NH3) and hydrogen (Hz), resulted in the
highest output power. In co-firing a single alternative fuel, such as NH3 in a fuel mix, exceeded
the output power of the reference case, but H> co-firing resulted in the lowest output power
among all cases. Considering the technical, economic, and emission parameters of each
scenario, scenario 4, NH3 and H» co-firing case, was the most attractive one. However, the
outcome of combustion kinetics analyses dramatically changed the final decision, and the
scenario with H co-firing demonstrated attractive performance and favorable combustion
kinetics at this moment.

e Levelized cost of production of steel and electricity ranged from $606.30/tls to $633.68/tls
and from $0.72/kWh and $0.80/kWh respectively. The cost impact of 1 kg of hydrogen was
higher in the steel sector (increasing from 9.34 to 9.76 USD per kg of used hydrogen) and
lower in the power sector (rising from 5.53 to 6.18 USD per kg of consumed hydrogen).

e The cost of 1 ton of hydrogen-based liquid steel is 1.49 times that of 1 ton of EAF-based steel
(conventional). The cost of 1 kWh of hydrogen-based electricity is 0.72 USD, which is 9 times
the current sale price (0.08 USD/kWh) of electricity produced with the conventional approach
in Uzbekistan. The findings prioritize the application of hydrogen in the steel sector.
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Considering the unavailability of the Direct Reduction Iron Ore — Electric Arc Furnace (DRI-
EAF) route in Uzbekistan at this moment and the operation of a large-scale new DRI-EAF
route-based metallurgical plant only in 2027, it is more feasible to start hydrogen-based power
sector development in the short term. This is particularly relevant, especially with several gas
turbines in existing power plants with capacities in the range of 7.6 MW to 650 MW available.
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