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Abstract:

The growing demand for renewable energy highlights the importance of green energy carriers in mitigating
the temporal and geographic imbalances between renewable energy supply and demand. Iron, as a metal
fuel, offers a promising solution by enabling the storage of electrical energy from renewables through the
thermochemical reduction of iron oxides with green hydrogen. This stored energy can be later converted
back into electricity via thermochemical oxidation, such as in retrofitted coal-fired power plants. Transporting
the iron/iron oxide in a closed cycle allows for spatial and temporal separation of renewable energy storage
and release. To maximize the system efficiency of this energy-iron cycle, it is crucial to achieve high storage
efficiencies during the thermochemical reduction of iron oxides. The flash ironmaking process is a promising
method for this, as it allows for the reduction of fine iron oxide particles with green hydrogen without the need
for pre- or post-treatment. Conventional exergy analyses, as well as advanced exergy analysis, are used to
analyze the flash ironmaking process. The results reveal an exergetic system efficiency of 53.7 % for a defined
base case, with the largest share of exergy destruction attributed to unavoidable exergy destruction at 82.2 %
of the total exergy destruction. Additionally, most of the exergy destruction was endogenous at 89.4 % of the
total exergy destruction. These assessments indicate that the overall potential for improvement of the reduction
plant is moderate, and component improvements should be prioritized over structural improvements to reduce
avoidable endogenous exergy destruction.
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1. Introduction

The impact of climate change on both ecosystems and humans is becoming increasingly concerning, with
approximately 3.3 to 3.6 billion people residing in highly susceptible areas [1]. Governments worldwide are
facing the challenge of balancing electricity security and meeting the rising demand for electricity while simul-
taneously reducing emissions. This becomes even more challenging due to the recent global energy crisis
triggered by Russia’s invasion of Ukraine which highlights the vulnerability of the current energy system [2]. At
the center of the required clean energy transition is the significant increase in renewable energy soruces paired
with the electrification of end-uses. However, due to the inherent variability of renewable energy sources, a
secure and decarbonized power sector requires much larger-scale flexible resources than currently exist [3].
One cornerstone of future energy systems might be the use of carbon-free chemical energy carriers (ECs),
which can convert clean electricity into stable media for energy storage and transport. By connecting various
low-cost production regions with users of green ECs through global value chains, the future energy supply se-
curity can be ensured [3]. Iron is being considered as a potential alternative to frequently discussed ECs such
as hydrogen and hydrogen-based ECs for the global transport and seasonal storage of renewable energy [4—
7]. The energy-iron cycle consists of the storage of electrical energy via thermochemical reduction of iron ox-
ides using green hydrogen, which can subsequently be converted back into electricity through thermochemical
oxidation. This conversion process can take place in coal-fired power plants that have been retrofitted for this
purpose [8]. This reuse of existing assets and infrastructure can lead to significantly reduced implementation
times and costs compared to alternative ECs [7]. Furthermore, the transport and storage of iron/iron oxide is
comparatively easy and does not require liquefaction or elevated pressures, which is an advantage over other
ECs. The round trip efficiency and the cost of such an energy-iron cycle depend strongly on the regeneration
(thermochemical reduction) of the iron oxides [7].

Thermochemical reduction of iron oxide is a well-established process that primarily utilizes coal in blast fur-
naces, resulting in a significant contribution of 7 % to global CO, emissions [9]. However, an alternative method
is to employ shaft furnace processes that use natural gas instead of coal, which offer a promising solution to
reduce associated CO, emissions from ironmaking [9]. This approach is particularly useful in regions with
access to cheap natural gas.
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Among various routes towards carbon-neutral ironmaking, the shaft furnace process is considered the most
promising due to its ability to operate with green hydrogen instead of natural gas and its comparatively high
technological readiness level [10]. One drawback of the shaft furnace reduction process is the necessity of iron
oxide pellets as feedstock, which must be prepared beforehand and adds to the costs and emissions (although
the potential for carbon neutrality exists through the use of hydrogen or bio-mass [11]). Further processing
is needed to obtain the required iron powder [8], typically by melting the reduced iron pellets in an energy-
intensive electric arc furnace and subsequently water-atomizing the melt.

At the University of Utah a promising alternative technology called the flash ironmaking process [12, 13] has
been developed, which can reduces energy consumption and capital investment requirements. This innovative
process allows for the direct utilization of fine iron oxide particles without requiring additional pre- and post-
treatment, eliminating the need for pelletization and iron powder production. The reaction rate is rapid, and
residence times are short, typically just a matter of seconds [12, 14], compared to the minutes to hours required
in shaft furnace reactors, thanks to the small particle size (ranging from 10 to 100 microns). The flash reactor
reduction technology is a high-intensity process that is free from problems associated with operating at high
temperatures, such as particle sticking, unlike other gas-based ironmaking processes that use fluidized bed or
shaft furnace reactors. As a result, the process can be operated at elevated temperatures (i.e. above 1150 °C),
resulting in a more intensive process. The flash ironmaking process offers several advantages, including dis-
pensing with the requirement for pre- and post-treatment, low energy consumption and capital investment,
and high-intensity. Given these advantageous features, the flash ironmaking process aligns perfectly with the
described energy-iron cycle as a promising reduction process.

To improve the understanding, identify the sources of irreversibility, and estimate the real improvement poten-
tial of this energy-intensive process, exergy-based analyses are performed. For this purpose the methodology
and process are described in detail before the analyses are performed.

2. Methodology

The flash ironmaking process will be analyzed using both conventional and advanced exergy analyses. These
two analyses will be briefly summarized subsequently before the flash ironmaking process is described in more
detail.

2.1. Exergy Analysis

An exergetic analysis is widely recognized as the most efficient method for evaluating the efficiency of energy
conversion processes [15—-17]. It provides insights by analyzing the real thermodynamic inefficiencies in a
system and its components, which are not available by means of an energetic analysis. These can greatly
enhance energy-intensive processes from a thermodynamic, an economic, and an ecological perspective.
When evaluating systems that involve chemical reactions, the total specific exergy ey of a material stream, is
a combination of both physical exergy ey, and chemical exergy ech, as represented by

€tot = Eph + Ech - (1)

Physical exergy is calculated based on the current enthalpy h and entropy s as well as their reference state
values (hp and sp), using the following equation

€ph = (h— ho) + T(s — sp) . 2
Chemical exergy, on the other hand, has two components: a reactive part, which is represented by the standard
chemical exergies, and a non-reactive part due to mixing. This can be expressed as

€ch = Z w,egh’, + To Z R/x,/n(x,) . (3)
/ /

The standard chemical exergy egh, , for each species / can be obtained from tables for standard reference en-
vironments [15, 18, 19] or it can be calculated for a process-specific reference environment. In this case, the
latter approach is used, with the reference species being liquid H»O, Fe,O3, and ambient air. For iron and hy-
drogen, the standard chemical exergies based on the process-specific reference environment are 6448 kJ kg‘1
and 118246 kJ kg’1 , respectively.

The exergy balance of a generic open control volume can be expressed by

Ep=P+Eq+ Z M €jtot — Z mi€jot — Ei (4)

in,i out,j

where Eq and P correspond 1o the time rates of exergy transfer associated to heat and work transfer, respec-
tively. The exergy loss rate E_ and exergy destruction rate Ep depend on the chosen system boundary. For
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this evaluation, the system boundaries extend into the environment with the constant reference temperature
To. Therefore, any exergy reduction due to heat losses to the environment is considered as exergy destruction,
and only the material streams leaving the system correspond to exergy losses. To determine the exergetic
efficiency of a system or component, it is necessary to define a fuel (F) and a product (P) for the analyzed
system or component. Then, the overall exergy balance can be expressed by

Eo=E B - E, 5)
where the definition of the product must be consistent with the purpose of the system/component. The exer-
getic efficiency is defined as the ratio of the rate of exergy transfer associated with the product to the rate of
exergy transfer associated with the fuel
E Ep + E
= Poq_rE (6)
Ee Er
To compare the exergy destruction ED,k of individual components k and losses associated to material streams
leaving the system E to the total fuel exergy Er it Of the overall system, exergy destruction yp x and exergy
loss yi ratios can be defined
E E
ok, =z =
EF,tot EF,tot
This allows for the assessment of the relative contribution of each component to the total exergy destruction of
the system and can be used to define the total exergetic system efficiency

cor=1-> Yok =W 8)
P

€

(7)

Yok =

Conventional exergy analysis provides valuable insights into how energy systems can be improved, but it falls
short in illustrating the impact of interactions among components within the overall system and the real po-
tential (including technological limitations) for improvement [20, 21]. To overcome these limitations, advanced
exergy analysis has been developed. This approach provides a more comprehensive view of the origin of
exergy destruction, taking into account the interactions between components and offering a clearer picture of
the potential for improvement.

2.2. Advanced Exergy Analysis

An advanced exergy analysis goes beyond conventional analysis by breaking down the exergy destruction
within each component into its endogenous and exogenous parts, as well as its avoidable and unavoidable
parts and their combinations. Determining the unavoidable and endogenous fractions of exergy destruction
entails making certain discretionary judgments, and thus, is somewhat subjective. Nonetheless, the insights
obtained from this division surpasses the drawbacks of partial subjectivity [22]. The methodology of advanced
exergy analysis was developed at the Institute for Energy Engineering of Technical University Berlin [20-25]
and will be briefly summarized before been applied to the flash ironmaking process.

2.2.1. Unavoidable and Avoidable Exergy Destruction

Although it may be possible to mitigate a fraction of the exergy destruction rate in a component, there is
usually a residual amount that cannot be avoided due to a variety of limitations. These limitations can include
techno-economic constraints such as material availability and cost, as well as thermodynamic restrictions. For
instance, the maximum achievable efficiencies of turbo-machinery or electrolyzers may be limited by current or
future technology, resulting in unavoidable exergy destruction. By segregating the exergy destruction into two

distinct parts — unavoidable £5'} and avoidable £4Y% — in the k™ component

Ep = EON + EAY, (9)
a more precise evaluation of the potential to enhance the component’s thermodynamic efficiency can be
achieved. To estimate the value of Eg”}‘( within each system component, the most favorable operating con-
ditions that just cannot be achieved in the near future are assumed.

2.2.2. Endogenous and Exogenous Exergy Destruction

Additionally, the impact of interdependencies of the system component can be analyzed by separating the total
exergy destruction within the k™ component into endogenous Ef/} and exogenous EF’; parts

Epx = E5Y + E5.. (10)
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The endogenous share refers to the exergy destruction that takes place within the k' component while all
other components are ideal, and the component under assessment is performing at its designated efficiency.
In contrast, the exogenous fraction represents the discrepancy between the overall exergy destruction and the
endogenous exergy destruction for the specific component. Determining exogenous and endogenous exergy
destruction values for individual components is a critical aspect of advanced exergy analysis. Traditionally, two
methods, based on thermodynamic cycles and the engineering approach, have been employed [24]. However,
these approaches have limitations such as computational difficulties, theoretical deficiencies, and the need for a
large number of non-standard simulations, rendering them impractical [21, 25]. To overcome these limitations,
a novel decomposition-based approach was recently developed [25] and successfully applied [26] by Penkuhn
and Tsatsaronis. This method involves calculating the exogenous exergy destruction for a given component by
applying a modified exergy balance equation

0= Z ESN, + PEN + Z(me)ﬂ‘ = (me)Sh — EBY . (1)
J i

o

This equation takes into account the endogenous operation parameters, which include composition, pressure,
temperature, mass flow rate, and exergy transfer to or from the components. It is crucial to define these
endogenous parameters for each component in relation to the remaining idealized system. Additionally, the
exergetic efficiency ¢, of the component must be identical in both the endogenous case and the base case
design. By using this novel approach, the drawbacks of previous methods can be avoided, providing a more
accurate and practical solution to determine endogenous and exogenous exergy destruction values.

2.2.3. Combination of the Exergy Splitting Approaches
The combination of the two previous concepts results in the following equation for exergy destruction
Eok = EUVEN 4 EUNEX | EAVEN , EAVEX (12)

When optimizing a system based on the results of an advanced exergy analysis, it is important to focus on
reducing the avoidable endogenous (that can be reduced by improving the efficiency of the component be-
ing considered) and avoidable exogenous (that can be reduced by changes to the system topology) exergy
destruction. With these considerations in mind, the exergetic efficiency given in 6 can be adjusted

E

AV,EN P,k

€ =< — . (13)
g Er i — ESN — EDGFX

Similarly to the differentiation of different parts of exergy destruction (see 12), the exergy destruction ratios can

be further differentiated as follows

UNEN | JUNEX . AVEN . . AV,EX
Yok =Yook  *Yok  *tYok *Vok - (14)

The important information is conveyed through the unavoidable, endogenous exergy destruction £5=", which
represents the smallest possible endogenous exergy destruction resulting from techno-economically con-
straints of the component as well as its interactions with other components [21, 26].

~EN
EUNEN _ FUN Epx
Dk = F

. (15)
B Ep

The remaining different parts of exergy destruction can then be calculated by the introduced set of equations.

3. Flash Ironmaking

As prevousliy mentioned the utilization of green hydrogen for green ironmaking is an emerging technology.
This section provides a brief overview of the thermochemical reduction of iron oxides using hydrogen, followed
by a detailed introduction to the flash ironmaking process.

3.1. Reduction of Iron Oxides with Hydrogen

The step-wise direct reduction of iron oxides with hydrogen at temperatures above 843 K proceeds through
a series of intermediate stages, starting from hematite FeoO3, then magnetite Fe304, followed by wistite
Fe1-20, and finally to metallic iron Fe [27]. The global reaction for the reduction of hematite is described by

F6203 +3)\H2H2 — 2Fe+3)\H2H20+3(/\H2-1)H2 AHT()\Hz = 1) =98.77J I'TIO|_1 . (R1)
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Here, Ay, represents the hydrogen equivalence ratio. However, to achieve full conversion of the iron oxides
to iron, an overstoichiometric (A4, > 1) amount of hydrogen is required, since the reaction is limited by the
chemical equilibrium [27]. It should be noted that the applied thermodynamic data [28] assume that wistite
exists only as Fep 9470 (z = 0.053). The progress of reduction can be quantified by the reduction degree,
denoted as X, which is given by

No
1.5 Nge’
where Nge represents the molar amount of iron and N corresponds to the molar amount of oxygen bound to

the iron. For example, the reduction degree of pure iron would be 1 (Np = 0), and for a mixture of wiistite and
iron (wre = 0.83, Wre,,,,0 = 0.17), the reduction degree is 0.9.

X=1- (16)

3.2. Process Description, Modeling, and Parameterization

Figure 1 illustrates the flowsheet of the flash ironmaking process under investigation. The process begins with
fine iron oxide powder (the product of the prior oxidation process) as feedstock which is preheated in an iron
oxide preheater. The powder is then directed to the flash reactor, where it reacts with a hydrogen stream to iron
and water, as represented by R1. Due to the endothermic nature of the reduction reaction, an external heat
source is required. This heat can be generated internally by burning a portion of the reducing agent through
partial oxidation, a technique commonly used in various industrial processes, such as natural gas reforming.
The reactor effluent is separated through a cyclone, with the hot iron leaving the cyclone being cooled down
by an air heater, which utilizes the available heat to preheat the iron oxide feed using a secondary fluid (air).
The hot hydrogen leaving the cyclone is then utilized in a regenerative heat exchanger (hydrogen preheater) to
preheat the gaseous reactants before entering the flash reactor. The majority of the water in the recycle stream
is removed through a simple condenser and the remaining hydrogen is merged with hydrogen generated by
the electrolyzer.

Fe,O

2‘3 4 /‘11 1 Air [ Iron/ Iron Oxides
\ [ Hydrogen  HHl Water

Air

Iron Oxide 29+ Air Cyclone
Preheat -
18pir reheater ’Q' .

Fan . Flash S—¢
@ 0 Reactor Electrolyzer

Air I
I (6) Mixer 1 )
a9 heater - O 46 r Recycle
17, Comp.

—— Hydrogen
Fe O, —A7———22-» Preheater 1‘5 Cooling
& =5 ‘2v3‘ 0, Cond @ Water
SN 24
Reaction section Heating section : Cooling Pump Zv

Fe,0, 0, R ALTTIE ) Water T cw
Flash Reactor + + — t Condenser 14 Pump@

| | =ATO==2{® ]~ 26 25
Mixer 2 Combustor ] 7
' L

Figure 1: Flowsheet of the investigated flash ironmaking process
3.2.1. Modeling and Assumptions

The flash reactor is the key component of the investigated process. Experimental and numerical evidence
suggests that it is possible to fully convert iron oxides to iron using hydrogen at atmospheric pressure [13].
However, for the reference design, a reduction degree of X = 90 % is assumed. The flash reactor is modeled
as a sequence of a combustor, a heating section (adiabatic mixer), and a reaction section (adiabatic yield
reactor), as highlighted in Fig. 1. The adiabatic mixing of the heating section is a reasonable simplification
since the heating period is very brief, as supported by numerical investigations [14]. The oxygen flow into the
combustor is adjusted to achieve a defined temperature of 1300 °C at the reactor section inlet (Stream 13).
In addition, the hydrogen equivalence ratio is set to Ay, = 3, so there are no conversion restrictions due to
chemical equilibrium limitations. The mass flow rate of solid product leaving the process (Stream 5) is set
to ms = 35kg/s, which corresponds to an annual production of approximately 1 million tons (industrial plant
scale). All heat exchangers are assumed to have a pressure drop of Ap = 0.15bar and a relative heat flow
loss Qe equivalent to 2.5 % of the heat flow of combustion/transferred heat flow, is introduced to account for
heat losses in both the combustor and heat exchangers. Additional details on the process components are
presented in Table 2, and the corresponding stream table is provided in Appendix A.
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To enable comparisons between energy-based and exergy-based analyses, a system efficiency parameter is
defined, denoted as n, for the given process. This parameter is calculated using the following equation

_ ms - HVs
Thot = 72’( P’

where the numerator simply represents the product of the mass flow rate and the corresponding heating value
of the product stream, and the denominator accounts for the sum of all energy supplied to the system.

The required definition of fuel and product for the exergy analyses, taking into account the splitting of chem-
ical and physical exergy, for each component and at the system level is defined in Table 1. The unavoidable
exergy destruction for each component is calculated individually at the component level, under the best con-
ditions possible, to define the unavoidable exergy destruction. The technological limitations and associated
assumptions are given in Table 2. For components where an exergetic efficiency cannot be defined (such as
mixer 1 and the cyclone), as they do not serve any meaningful purpose from a thermodynamic perspective,
the unavoidable exergy destruction is set equal to the endogenous exergy destruction. The same assumption
was made for the flash reactor (consisting out of the combustor, mixer 2 and the reaction section). Another
approach to defining unavoidable conditions for the flash reactor could be to assume full conversion (X = 1)
at the minimum possible hydrogen equivalence ratio. However, such an assumption would result in higher
specific exergy destruction due to the inherent irreversibilities associated with the chemical reactions involved.
Consequently, this approach would lead to negative avoidable exergy destruction, the interpretation of which
is not clear.

To calculate the endogenous and exogenous exergy destruction, individual components with their correspond-
ing exergetic efficiency are simulated in conjunction with an idealized system [25]. The real process takes into
account factors such as incomplete conversion of iron oxides in the reactor, incomplete separation of water from
the residual gaseous stream in the condenser, and a higher hydrogen equivalence ratio than thermodynami-
cally required. In contrast, in the idealized process, full conversion is achieved (X = 1), complete separation
of water out of the recycle stream, and the minimal possible hydrogen equivalence ratio are assumed. The
minimal hydrogen equivalence ratio Ay, = 2.6 is obtained using chemical equilibrium calculation for the ideal-
ized system under the corresponding conditions (t = 1300 °C, wh2 = 57 %, wheo = 43 %). These idealizations
result in different mass flow rates and compositions. To ensure a fair comparison, the overall main product of
the process is kept constant, corresponding in this case to the chemical exergy in stream 5 leaving the system
(Ecns = 196.4MW). Due to the full conversion and the corresponding higher specific chemical exergy of the
product, the material flow is reduced to meet the same main product for both the idealized and real processes.
To determine the endogenous exergy destruction within the air heater, we assume that the upstream air fan
is operating isentropically and adjust the pressure accordingly, as pressure drops downstream should not be
attributed to the air heater. The inlet of the hot stream is determined by the idealized reactor (X = 1), while the
approach temperature is adjusted to achieve the same exergetic efficiency as in the base case design. Sim-
ilarly, the endogenous exergy destruction of the other heat exchangers are determined by using the streams
of the idealized system and adjusting the approach temperature to achieve the same exergetic efficiency as in
the base case design. For the reaction section and the combustor, the hydrogen equivalence ratio and the as-
sociated heat losses are adjusted to meet the same exergetic efficiency between the base case design and the
idealized system in conjunction with the component, respectively. Since the reactor operates at atmospheric
pressure, the pressure levels generated by the turbo-machinery are not required for the overall process and
are associated with pressure drops in other components. Therefore, the entire exergy destruction within the
turbo machinery is exogenous. The specifications for the calculation of endogenous exergy destruction and
the resulting streams are given in Appendix B.

The results are derived using EBSILON® Professional [30] applying the thermodynamic data given in [28] and
user defined routines for the calculation of physical and chemical exergies. The reference temperature and
pressure is setto Tp = 298.15K and py = 1.013 bar, respectively.

(17)

4. Results and Discussion

The energetic system efficiency of the base case design was determined to be 7t = 61.7% based on a
conventional mass and energy-based analysis (not explicitly shown here). The energetic analysis identified the
electrolyzer as the component with the highest losses, followed by the residual energy of the material streams
leaving the system, and the heat losses of the combustor and heat exchangers. To get an impression of the
achievable energetic system efficiency, the process was parameterized according to the assumed unavoidable
technological constraints given in Table 2. This resulted in an energetic system efficiency of n = 68.5%, a
significant improvement potential from the base case design.

Based on the conventional exergy analysis presented in Table 3, the exergetic system efficiency of et = 53.7 %
indicates significant inefficiencies within the process. The electrolyzer is responsible for the largest exergy de-
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Table 1: Definition of fuel and product according to [29] for each component given in Fig. 1

Component Fuel E¢ Product Ep
Electrolyzer Pei + Ei5.ch — (Et6,0h + E17,pn — Et50n) Eigch + E17,cn
Mixer 1 NA NA
Hydrogen Preaheater Esph — E7pn Eq1on — Eropn
Combustor Et1cn + Eazen — Erzen ] E12,0n — E11,pn — E13,0n
Mixer 2 Miz(€12,ph — €13,ph) + (Ez.ch + E12,0n — E13.en) IM2(€13,pn — €2,0h)
Flash Reactor Ei3.ch + E13ph — E3pn Escn
Cyclone NA NA

Air Heater E4,ph — E5,ph .Ego,ph — .E19’ph

Air Fan Per E1g,pn — Eigpn

Iron Oxide Preheater

Ez0,0n — E21,ph

Eoph — Eqpn

Condensate Pump P Eispn — Erapn
Cooling Water Pump Pei Ezs.0h — Ezspn
Recycle Compressor _ . . Pe.| . ] l_-:g,ph - _Es,ph
Condenser E7ch + (E7pn — Eaph — Egph) — (Ezsph — E2sph) Egch + Eracn
Overall System Sk Petk + Et ot + Erg ot + Eza ot Es en

Table 2: Technological assumptions for determination of avoidable and unavoidable exergy destruction

Component Parameter Base Case Unavoidable Inefficiency
Pumps Isentropic efficiency nis 75% 85 %
Compressors Isentropic efficiency 7;s 80 % 90 %
Condenser Approach temp. AT 10K 1K

Heat exchangers Approach temp. AT 50K 3K

Heat exchangers Relative heat loss Qe 2.5% 1%
Electrolyzer System efficiency 7y 70 % 74 %

Electric motors Efficiency 7 90 % 95%

struction, followed by the condenser, hydrogen preheater, reactor, combustor, and the other heat exchangers.
Figure 2 illustrates the exergy destruction ratios of all components, starting from the overall process fuel, in
descending order leading to the defined product of the process. The analysis reveals that the turbo-machinery
and the cyclone only cause insignificant exergy destruction. The exergy losses associated with streams leav-
ing the system result in an exergy loss ratio of y; = 1%, with the chemical exergy of the oxygen leaving the
system having the highest share. In contrast to the energetic analysis, which pointed to the material streams
leaving the system, the exergy analysis quantifies the low quality of the energy within these streams due to the
low associated temperatures. The exergetic efficiencies of the different components are mostly high, with the
exception of the flash reactor, which suffers from the high inherent irreversibilities associated with the reduc-
tion reaction. Interestingly, the exergetic efficiency of the combustor is comparatively high, which is due to the
partial oxidation and the high temperature of stream 11 entering the combustor.

Based on the analysis of unavoidable and avoidable exergy destruction, it is concluded that the total unavoid-
able and avoidable exergy destruction account for 82.2% (Eg'y, = 136.1 MW) and 17.8% (EfY, = 29.4 MW)
of the exergy destruction, respectively. After factoring in the unavoidable exergy destruction, a modified exer-
getic efficiency of 85.8 % can be determined for the base case (cf. Table 3). The highest unavoidable exergy
destruction is associated with the electrolyzer, the condenser, the flash reactor and the combustor, while the
highest avoidable exergy destruction is related to the elctrolyzer, the hydrogen preaheater, the combustor and
the iron oxide preheater. The share between endogenous and exogenous exergy destruction is even more
one-sided, with endogenous exergy destruction accounting for 89.4 % and exogenous exergy destruction for
10.6 % of the total exergy destruction. These findings suggest that a large share of the exergy destruction is
unavoidable. However, the assessments point out that improving individual components should have a higher
priority over structural improvements.

When combining the two exergy splitting approaches, the total share of avoidable endogenous and avoidable
exogenous exergy destruction in relation to the total avoidable exergy destruction is 87.1 % and 12.9 %, re-
spectively. The electrolyzer, hydrogen preheater, and the combustor exhibit the highest potential for reducing
endogenous avoidable exergy destruction. This highlights the potential for improvement through technological
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Table 3: Results of conventional and advanced exergy analysis

Conventional Exergy Analysis Advanced Exergy Analysis

Component Er Ee Eo E € yo o Egi™N ElS BT Bt e
MW]  [MW]  [MW]  [MW]  [] (1 MW [MW] [MW]  [MW] [l
Electrolyzer 3582 2480 1102 00 0.69 0.30 87.0 4.0 18.5 0.8 0.93
Condenser 460.7 449.0 11.7 0.0 097 0.0 7.8 3.5 0.2 0.1 1.00
Hydrogen Preheater 67.7 57.2 10.5 0.0 0.84 0.03 5.6 1.9 2.3 0.7 0.96
Flash Reactor 14.9 4.5 10.4 0.0 0.30 0.03 9.6 0.4 0.4 0.0 0.92
Combustor 53.4 43.2 10.2 0.0 0.81 0.03 5.5 2.0 2.0 0.7 0.96
Air Preheater 17.6 12.7 4.9 0.0 0.72 0.01 3.5 0.6 0.6 0.1 0.95
Iron Oxide Preheater  13.0 10.5 2.6 0.0 0.80 0.01 1.0 0.2 1.1 0.2 0.90
Mixer 2 80.9 78.3 2.6 0.0 0.97 0.01 1.8 0.4 0.4 0.1 1.00
Recycle Compressor 4.8 3.6 1.2 0.0 0.75 0.00 0.0 0.5 0.0 0.7 1.00
Cyclone 7415 7407 0.8 0.0 0.00 0.0 0.5 0.1 0.1 0.0 0.00
Air Fan 1.5 1.1 0.4 0.0 0.74 0.00 0.0 0.2 0.0 0.2 1.00
Mixer 1 0.0 0.0 0.0 0.0 0.00 0.00 0.0 0.0 0.0 0.0 0.00
Cooling Water Pump 0.0 0.0 0.0 0.0 0.67 0.00 0.0 0.0 0.0 0.0 1.00
Condensate Pump 0.0 0.0 0.0 0.0 0.68 0.00 0.0 0.0 0.0 0.0 1.00
Total 365.3 196.6 1655 3.5 054 045 1224 13.7 25.6 3.8 0.86*
*) Exergetic system efficiency adjusted by the unavoidable parts: e{},‘{ = ﬁ

advances in water-electrolysis, heat recovery measures, and the importance of proper reactor design and op-
eration, including internal combustion.

The exergy-based evaluations presented here demonstrate the potential for enhancement of the analyzed flash
ironmaking process. While technological advancements in water-electrolysis and lower approach temperatures
lead to obvious improvements in overall performance, it is evident that there is still potential for improvement
of the flash reactor (sequence of combustor, mixer 2, and reaction section). The attained conversion and reac-
tion conditions (reaction temperature, hydrogen equivalence ratio) result in exergy destruction upstream and
downstream of the reactor, which could be reduced. However, it should be noted that although these assess-
ments are thermodynamically correct, economic considerations remain the driving force in real-world process
synthesis.
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Figure 2: Waterfall diagram to visualize the results of the conventional and advanced exergy analysis

Y
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5. Conclusion

The present study focuses on the thermodynamic assessment of flash ironmaking, a promising method for
sustainable iron oxide reduction using green hydrogen. To this end, conventional energy and exergy analyses,
as well as an advanced exergy analysis, are conducted. A defined based case is used to determine an ener-
getic efficiency of 61.7 % and an exergetic efficiency of 53.7 % for a given parameterization. For a scenario with
foreseeable best case technological constraints, an energetic efficiency of 68.5 % and an exergetic efficiency
of 59.7 % can be determined.
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The informative value of the employed methods can be demonstrated by the assessment of the condenser,
which separates the undesired water out of the recycle stream. While the energetic analysis points to the high
energy content of the cooling water leaving the condenser, the exergetic analysis indicates significantly lower
potential, which is further deemed as mainly unavoidable exergy destruction by the advanced exergy analysis.
The overall potential for improvement of the plant is found to be moderate, mainly due to the high unavoidable
exergy destruction (i.e. 82.2% of the total exergy destruction), and the improvement potential is primarily as-
sociated with the internal operational conditions of the components. The highest avoidable exergy destruction
is observed in the electrolyzer, the hydrogen preheater, and the combustor, which is also endogenous.

The findings of these analyses confirm that the flash ironmaking process is a promising alternative to the
conventional shaft furnace process, particularly in the context of a circular energy-iron economy, given its dis-
pensation of the requirement for pre- and post-treatment of iron oxides (required for the shaft furnace process),
low energy consumption, and high-intensity. The performed assessments provide insights into the sources of
irreversibility and estimate the potential for improvement in this energy-intensive process. However, for a more
comprehensive assessment, it is crucial to consider economic factors in the synthesis of the analyzed flash
ironmaking process. In addition to reliable techno-economic models, this requires a comprehensive reactor
model that takes reaction kinetics and transport phenomena into account.
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Appendix A Base Case Design

Table 4: Thermodynamic data for the base case design of the flash ironmaking process. Only selected mass
fractions are shown. Missing fraction are obvious from the flow sheet (e.g. liquid water stream: wy,op) = 1).

Stream p t €tot €ph €ch Mass Fractions wy
kg/s] [bar]  [C] [kd/kg]  [kd/kg] [kd/kg] Fe:03 Fe FeoessO Ho  H2O(g)

S1 48.0 1.01 25.0 0.0 0.0 0.0 1.00 0.00 0.00 0.00 0.00
S2 48.0 1.01 584.2 218.2 218.2 0.0 1.00 0.00 0.00 0.00 0.00
S3 59.4 1.01 1190.3 12490.9 1599.5 10891.5 0.00 0.49 0.10 0.06 0.35
S4 35.0 1.01 1190.3 6120.7 508.5 5612.1 0.00 0.83 0.17 0.00 0.00
S5 35.0 1.01 106.7 5617.0 4.9 5612.1 0.00 0.83 0.17 0.00 0.00
S6 244 091 1190.3 21610.0 3134.6 18475.4 0.00 0.00 0.00 0.16 0.84
S7 244 0.76 2589 18830.8 355.4 18475.4 0.00 0.00 0.00 0.16 0.84
S8 5.7 0.61 25.0 78687.2  -433.1 79120.2 0.00 0.00 0.00 0.67 0.33
S9 5.7 1.16 99.4 79327.7 2075 79120.2 0.00 0.00 0.00 0.67 0.33
S10 7.8 1.16 86.0 89667.0 196.3 89470.6 0.00 0.00 0.00 0.76 0.24
S11 7.8 1.01 11155 97029.7 7559.1 89470.6 0.00 0.00 0.00 0.76 0.24
S12 114 1.01 1598.8 65343.9 8957.2 56386.7 0.00 0.00 0.00 0.48 0.52
S13 59.4 1.01 1300.0 12666.8 1851.2 10815.6 0.81 0.00 0.00 0.09 0.10
S14 18.7 0.61 25.0 0.0 0.0 0.0 0.00 0.00 0.00 0.00 0.00
S15 18.7 1.16 25.0 0.0 0.0 0.0 0.00 0.00 0.00 0.00 0.00
S16 2.1 1.16 60.0 117722.0 196.9 117525.1 0.00 0.00 0.00 1.00 0.00
S17 16.6 1.16 60.0 134.6 124 122.1 0.00 0.00 0.00 0.00 0.00
S18 40.8 1.01 25.0 0.0 0.0 0.0 0.00 0.00 0.00 0.00 0.01
S19 40.8 1.35 56.7 26.3 26.3 0.0 0.00 0.00 0.00 0.00 0.01
S20 40.8 1.20 666.1 338.4 338.3 0.0 0.00 0.00 0.00 0.00 0.01
S21 40.8 1.05 130.3 18.5 18.5 0.0 0.00 0.00 0.00 0.00 0.01
S22 3.6 1.16 60.0 134.6 124 122.1 0.00 0.00 0.00 0.00 0.00
S23 13.0 1.16 60.0 134.6 12.4 122.1 0.00 0.00 0.00 0.00 0.00
S24 648.1 1.01 15.0 0.7 0.7 0.0 0.00 0.00 0.00 0.00 0.00
S25 648.1 1.20 15.0 0.7 0.7 0.0 0.00 0.00 0.00 0.00 0.00
S26 648.1 1.05 40.0 1.5 1.5 0.0 0.00 0.00 0.00 0.00 0.00

Pey = 358.82 MW, Par = 1.46 MW, Powp = 0.02 MW, Pgrc = 4.83 MW, Pcp = 0.0 MW
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Appendix B Calculation of Endogenous Exergy Destruction

Table 5: Thermodynamic data used for the calculation of endogenous exergy destruction. Only selected mass
fractions are shown. Missing fraction are obvious from the flow sheet (e.g. liquid water stream: wh,oq) = 1).

Stream m P t €tot €ph €ch Mass Fractions w;
[kg/s] [bar]  [C] [kd/kg]l  [kd/kg]  [kJ/kg] Fe:O3 Fe FepessO Hx  HO(g)

Air heater (AH): cay = 72.2%, T{g = f(Dig; Nis,aF = 1), Pig = Po + Apan, Tz = flcan), Ts = fean)

S4 3046 1.013 11755  6937.1 489.6 6447.4 0.00 1.00 0.00 0.00 0.00

S5 3046 1.013 49.7 6447.9 0.4 6447.4 0.00 1.00 0.00 0.00 0.00

S19 37.02 1163 36.9 12.1 12.1 0.0 0.00 0.00 0.00 0.00 0.01

S20 37.02 1.013 623.1 290.8 290.8 0.0 0.00 0.00 0.00 0.00 0.01
Iron oxide prehealer (IOPH): €opH = 80.3 %, T2/0, péO = Po + APioPH, T2l = f(EIOPH)a T2/1 = f(EIOPH)

S1 4355 1.01 25.0 0.0 0.0 0.0 1.00 0.00 0.00 0.00  0.00

S2 43,55 1.01 560.6 202.7 202.7 0.0 1.00 0.00 0.00 0.00 0.00

S20 37.02 1.16 641.0 316.3 316.3 0.0 0.00 0.00 0.00 0.00 0.01

S21 37.02 1.01 1441 19.3 19.2 0.0 0.00 0.00 0.00 0.00 0.01
Combustor (Comb): ¢opy = 80.9%, €}, = f(N), €, = f(X, A, T{,), My, = f(N), M}y = f(\), T{, = f(ecomn)

S11 4.63 1.01  1171.2 127713.5 10188.4 117525.1 0.00 0.00 0.00 1.00 0.00

S12 7.30 1.01 16442 79993.5 10821.7 69171.8 0.00 0.00 0.00 0.59 0.41

S22 2.67 1.01 60.0 123.9 1.7 122.1 0.00 0.00 0.00 0.00 0.00
Flash Reactor (FR): ¢rg = 30.2%, X = f(err), €5 = (), &5 = f())

S3 54.77 1.01  1154.6 9356.1 1270.4 8085.7 0.00 0.53 0.1 0.04 0.32

S13 5477 1.01 1300.0 9539.2 1533.2 8006.0 0.88 0.00 0.00 0.07 0.06
Cyclone (Cyc): ecyc = NA, my = f(X,\), T =T, = Tj

S3 51.43 1.01 11752 113325 1460.8 9871.7 0.00 0.59 0.00 0.05 0.36

S4 3047 1.01 11752 6936.9 489.5 6447.4 0.00 1.00 0.00 0.00  0.00

S6 2096 091 11752 17691.5 28438 148477 0.00 000 000 0.13 0.87
Hydrogen Preaheater (HPH): cnpy = 84.5%, T¢, T7, P1o = Po + AprpH, Ps = Po, Ty = f(eppr), T1y = f(enpn)

S6 20.77 1.01  1173.3 17859.1 2875.0 14984 1 0.00 0.00 0.00 0.13 0.87

S7 20.77 0.86 272.3 15409.4 425.3 14984.1 0.00 0.00 0.00 0.13 0.87

S10 4.67 1.16 55.3 117715.3 190.2 1175251 0.00 0.00 0.00 1.00 0.00

Si1 4.67 1.01 11079 1269209 93958 1175251 0.00 0.00 0.00 1.00 0.00
Condenser (Cond): econg = 97.5%, Tg = T{, = f(Pg, €cond), Py = Po, Py = Po — APcond

S7 20.79  1.01 189.6  15319.2 349.9 14969.2  0.00 0.00 0.00 0.13  0.87

S8 3.12 0.91 16.0 99402.9 -108.9 99511.8 0.00 0.00 0.00 0.85 0.15

S14 17.68  0.91 16.0 0.6 0.6 0.0 0.00 0.00 0.00 0.00 0.00

S25 536.83 1.20 15.0 0.7 0.7 0.0 0.00 0.00 0.00 0.00 0.00

S26 536.83 1.10 40.0 1.5 1.5 0.0 0.00 0.00 0.00 0.00 0.00
Electrolysis (Ely): gy =69.2%, Pgy, = 3425 MW, T/;, m)5 = f(X)

S15 17.87  1.01 16.0 0.6 0.6 0.0 0.00 0.00 0.00 0.00 0.00

S16 2.00 1.01 60.0 1175521 27.1 1175251 0.00 0.00 0.00 1.00 0.00

S17 15.87  1.01 60.0 123.9 1.7 122.1 0.00 0.00 0.00 0.00 0.00
Mixer 2 (Mix2): epix2 = 96.8 %, myo = f(A), €}, = f()\), T}

S2 43.56 1.01 618.3 241.8 241.8 0.0 1.00 0.00 0.00 0.00 0.00

S12 7.31 1.01 1639.1 81332.6 109189 70413.7 0.00 0.00 0.00 0.60 0.40

S13 50.86 1.01 1300.0 11849.3 1733.8 101155 0.86 0.00 0.00 0.09 0.06
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Nomenclature

1

e  specific exergy, Jkg™ Subscripts and superscripts

E  time rate of exergy transfer, Js~! AV avoidable
e —1

h  specific enthalpy, Jkg ch chemical
. —1

HV heating value, J kg D  destruction

mass flow rate, kgs~' .
ass flow rate, kg s el electrical

molar amount, mol
EN endogenous

m

N

P electrical/mechanical power, Js~
EX exogenous

R

specific gas constant, Jkg™' K—*
P g g Fe iron
s specific entropy, Jkg ™' K~
F fuel
t  temperature, °C . . .
is  isentropic
T  temperature, K

L loss
x  mole fraction
. O oxygen
X  reduction degree
) ) ph physical
exergy destruction/loss ratio
P product
Greek symbols
y Q  heat
A difference rel relative
e  exergetic efficiency tot  total

ffici
ericiency UN unavoidable

A hydrogen equivalence ratio
0 standard, reference

w  mass fraction
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