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When a process involves both endothermic chemical reactions and heat gen-
eration from the combustion of fuels, the choice of endothermic reactions to
include in computing the ‘‘energy requirement’’ for the overall process is
arbitrary and can be a source of confusion. It is shown that the essential
question becomes whether the heat of combustion of a reactant, which can be
used as a fuel, should be included in the energy requirement value. It is noted
that the choice is a matter of convention, but it is important to clearly state
what convention is followed in presenting the results of energy calculations.
There is a need to select a standard approach because the presented value of
‘‘energy requirement’’ of a process depends on the choice. This problem is
illustrated using the example of ironmaking by different processes including a
novel flash ironmaking process under development at the University of Utah.
The authors advocate using just the ‘‘process energy requirement’’ as the
standard value of the energy requirement for a process in which a reactant is
also a fuel.

INTRODUCTION

Different approaches are used for performing
energy balance calculations and perhaps more sig-
nificantly in presenting the ‘‘energy requirement’’ of
a process. The question becomes more involved for a
process in which one or more reactants are also used
to generate the process heat by combustion. Often
the key issue is which heat of the chemical reaction
to include in computing (or presenting) the energy
requirement of the process.

It is worthwhile to note at the outset that the
difference in energy requirements between different
processes for converting similar raw materials to
the same desired product is largely unaffected by
the choice of chemical reactions to be included.
However, the absolute value presented as the
energy requirement of a process can be different by
a large amount depending on the approach. We will
use the example of ironmaking processes to illus-
trate the problem. In these processes, as currently
practiced or under development, carbon and/or
hydrocarbons (including hydrogen) are used as the
fuel as well as the reactant for reducing the iron
oxide mineral.

The different approaches in this case essentially
boil down to the following question: Does one
include the combustion heat of the reductant used
in the reduction reaction or treat the reductant
portion as just a reactant? Depending on the
viewpoint, either approach can be considered
acceptable. It is a matter of convention. There is a
need, however, to select a standard approach
because the absolute value of the energy require-
ment of an ironmaking process (e.g., the currently
dominant blast furnace process) depends on such a
choice. It is particularly important to clearly state
the specific approach used when the energy
requirement of ironmaking is compared with those
of other industrial processes such as petrochemi-
cals production.

ENERGY REQUIREMENT IN IRONMAKING
PROCESSES

General Energy Balance and Total Energy
Requirement

To determine the energy requirement of a steady-
state process, we start from the general statement
of energy balance:
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Mathematically,
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where ni and nj denote the amounts of the ith reactant
and the jth product, respectively, and ðHT �HTr

Þ is
the sensible enthalpy of a given species at the system
temperature (T). The first term on the left-hand side
(LHS) of Eq. 2 represents the total enthalpy of reac-
tions occurring in the system at the reference tem-
perature (Tr). When the overall chemical reaction is
exothermic, this term is positive (i.e., energy input to
the system). The opposite is true for overall endo-
thermic reactions. In an ironmaking process, this
term is positive because energy is added to the system
by the combustion of fuels.

The second term in the LHS of Eq. 2 is the energy
added to the system in the form of sensible heat of
the reactants. (If the reactants enter the system at
the reference temperature, this term is zero.) The
first term on the right-hand side (RHS) represents
the energy removed from the system in the form of
sensible heat in the products. The second term on
the RHS is the energy removed from the system in
the form of heat losses to the surroundings from the
process. The last term in the RHS is the recoverable
heat from the process (e.g., recovery of sensible heat
of the off-gases). When some products contain a fuel
value, it should be included in this term.

Foraprocess involving chemical reactions toproduce
useful products and combustion of fuels to generate
process heat, the total reaction enthalpy is a sum of the
two general terms shown in the following equation:
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where ð�DH
0

Tr
Þreaction is the heat of reaction that is

usually endothermic (negative term) for a process
that has a ‘‘heat requirement’’ and ð�DH

0

Tr
Þcombustion

is the combustion heat (positive term) of the fuel
used to generate process heat. Substituting Eq. 3
into Eq. 2, the energy balance becomes
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To calculate and compare energy requirements of
different processes to produce the same desired
product, the system boundaries for the different
processes should be drawn so that all input materi-
als enter the system at the reference temperature
(i.e., 298 K). Thus, the second term on the LHS of
Eq. 4 is zero. The ‘‘total energy requirement’’ is then
given by the following equation, taking into consid-
eration that Qrecoveredis credited to decrease the
energy requirement either by preheating some of the
input stream or simply recovered as a useful energy
source. The energy requirement is then given by

Energy Requirement
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This equation assumes that the sensible heat
contained in the products is unrecoverable and thus
is discarded.

In ironmaking processes, the choice of endother-
mic reactions, i.e., ð�DH

0

Tr
Þreaction, to include in

computing the total energy requirement (Eq. 5) for
the overall process is arbitrary and can be a source
of confusion. In the following sections, the choice of
the endothermic reactions on the resulting energy
requirement is discussed and two approaches for
calculating the energy requirement are described.

Definitions of Chemical Energy Terms

To reduce iron oxides to iron, the energy
requirement for the reduction reaction can be
defined in two ways: One is to consider the reduc-
tion as decomposing iron oxide to iron and oxygen
(reverse of the energy of formation of iron oxide); the
other is to consider it as a reaction of iron oxide with
a reductant. (As shown below, the former is equiv-
alent to including the heat of combustion of the fuel/
reductant acting as a reductant in the total energy
requirement, whereas the latter is equivalent to not
including it.) The following is a simplified demon-
stration of these equivalences.

The demonstration is made just for the energy
involved with chemical changes at a reference
temperature (usually 298 K), excluding sensible
heat and other energy terms (see Eq. 5), which do
not affect the argument discussed here.

Basis of the Simplified Demonstration

1. The solid charge is composed of pure iron oxide.
No flux materials are considered.

2. Carbon is used as the fuel/reductant. However,
this methodology can easily be extended to the
case in which hydrogen or a hydrocarbon is used
as the fuel/reductant.

3. The total carbon input is divided into two groups:
fuel carbon and reductant carbon.

Sohn and Olivas-Martinez1558



4. The heat balance is performed over the entire
system. The process outputs are iron and the
complete combustion product (CO2) of fuel carbon
plus the reduction product (CO2), all at 298 K.

Chemical Reactions

The overall chemical reaction taking place to reduce
iron oxide to iron using carbon as the fuel/reductant is

Fe3O4 þ 2 Cð Þr
� �

þ x Cð Þfþx O2ð Þf
� �

¼ 3Fe þ 2 CO2ð Þrþx CO2½ �f ð6Þ

where (C)r is the carbon consumed by the reduction
reaction, (C)f is the carbon burned to generate heat,
(O2)f is the oxygen for reaction with the fuel carbon,
(CO2)r is the carbon dioxide produced by the reduc-
tion reaction, (CO2)f is the carbon dioxide produced
by combustion of the fuel carbon, and x is the num-
ber of moles of the fuel portion of carbon required to
generate the heat for the reduction process.

The enthalpy change of the overall reaction (Eq. 6)
is a combination of the energy required to reduce iron
oxide and the energy produced by combustion of the
fuel/reductant. As mentioned in the Introduction,
different definitions of ‘‘energy requirement’’ are pos-
sible depending on what one considers the reduction
reaction between the following two reactions:

Fe3O4 ¼ 3Fe þ 2 O2ð Þr (7)

and

Fe3O4 þ 2 Cð Þr¼ 3Fe þ 2 CO2ð Þr (8)

Approach 1: Energy Requirement
for Reduction Reaction Based on Oxide
Decomposition

When the reduction of iron oxide is considered to
be the decomposition of the iron oxide (Eq. 7), the
energy requirement for the reduction process is the
difference between the heats of Eqs. 6 and 7, which
is equivalent to the heat of the following combustion
reaction:

2 Cð Þrþx Cð Þf
� �

þ 2 O2ð Þrþx O2ð Þf
� �

¼ 2 CO2ð Þrþx CO2ð Þf
� �

ð9Þ

The heat of this reaction [ð�DH
0

Tr
Þcombustion] cor-

responds to the chemical heating value of the total
amount of carbon supplied to the system. Several
reports1–3 on energy use in the ironmaking industry
follow this approach.

Approach 2: Energy Requirement Based on
Oxide Reaction with Reductant

When the reduction of iron oxide is considered as
the reaction of iron oxide with carbon (Eq. 8), the

energy requirement for the reduction process is the
difference between the heats of Eqs. 6 and 8, which
is equivalent to the heat of the following combustion
reaction:

x Cð Þfþx O2ð Þf¼ x CO2ð Þf (10)

The heat of this combustion reaction
[ð�DH

0

Tr
Þcombustion] corresponds to the chemical

heating value of just the fuel portion of carbon (C)f.
Some energy balance calculations 4–6 have used this
approach.

RESULTS

The application of the above two approaches to
the calculation of the energy requirement is illus-
trated using as an example a novel flash ironmaking
process under development at the University of
Utah and an average blast furnace operation. As
part of this development work, Pinegar et al.5 pre-
pared a material and energy flow diagram for a
commercial-scale reformerless flash ironmaking
process producing 1 million tonnes of iron per year
and operating with natural gas using the commer-
cially available software METSIM.

Material and Energy Flows: System Boundary

Energy balance calculations start with a material
balance around a clearly defined system boundary.
A system boundary can be drawn around different
parts of a process, depending on the purpose of the
calculation. An illustration is given in Fig. 1. The
solid lines represent material flow with associated
sensible and latent heats, and the open arrows
indicate the flow of heat only. Once the boundary is
defined, any open-ended streams that cross it are
the input and output streams. Any streams entirely
inside a boundary (e.g., the off-gas in Fig. 1 in the
case of the outer boundary) are not included in the
balance calculations around that boundary.

Often the definition of the system boundary is not
clearly stated in previous reports. This shortcoming
was faced by the authors when they reviewed the
literature, especially for the blast furnace process.
Without this piece of information, it is difficult to
compare the energy requirements of different pro-
cesses. In the ironmaking industry, Battle and
McClelland7 have also recognized this problem and
advocate clearly defining the input and output
streams and conditions in energy balance calcula-
tions.

It is noted that the heat contents of any output
streams that can be recovered for a useful purpose,
such as steam, should be credited to reduce the in-
put amount of energy or ‘‘energy requirement.’’ This
is equivalent to placing that term as a negative in-
put item in the energy balance (Eq. 5). Heat losses
and the sensible heat of an output stream that are
not recovered are output items and increase the
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input amount and, thus, the energy requirement.
Furthermore, all heats of a chemical reaction
(chemical heat contents), including heat of com-
bustion, are calculated at 298 K and all sensible
heat in input or output streams is calculated rela-
tive to this temperature.

Energy Balances for Ironmaking Processes

Tables I and II present energy inputs and out-
puts, respectively, in terms of Approaches 1 and 2

for the flash ironmaking process using natural gas
or hydrogen and for the average blast furnace
operation. The annual production rates in all the
cases are 1 million tonnes of iron from a single unit
of the ironmaking reactor. The energy balance for
the flash ironmaking process is based on the flow
sheet presented by Pinegar et al.5 Higher heating
values (HHVs) of natural gas and hydrogen were
used to be conservative in calculating the energy
requirements, respectively, of reformerless flash
ironmaking and hydrogen-based flash ironmaking.

Fig. 1. Examples of system boundaries for material and energy balance calculations for an ironmaking process.

Table I. Energy input items for a commercial-scale flash ironmaking process using natural gas or hydrogen
compared with those for an average blast furnace process (production rate = 1 million tonnes of iron per
year at 1773 K (300 days of operation in 1 year).) Adapted from Pinegar et al.4,5

Process

Reformer-
less natural

gas Hydrogena
Blast fur-

naceb,c

Approach 1 2 1 2 1 2

Itemized input (GJ/t Fe) Fuel combustiond 19.22 13.45 14.05 8.28 13.60 8.33
Heat recovery (sum of next 2) �4.77 �2.80 �1.32

Waste heat boiler �3.39
Steam not used �1.38

Sub-total 14.45 8.68 11.25 5.48 12.28 7.01
Ore/coke preparatione 5.68

CaCO3 and MgCO3 calcination (external) 0.26 0.26
Total 14.71 8.94 11.51 5.74 17.96 12.69

aThe energy requirement for hydrogen production was not included for this calculation. It is anticipated that the energy required for
hydrogen production will strongly depend on the production process such as steam-methane reforming, coal gasification, or water
splitting.
bEnergy balance was calculated by METSIM based on the published material balance.
cIn fairness to excluding the energy requirement of hydrogen production in the energy balance of flash ironmaking, the energy required
for producing coking coal was not included either for the blast furnace.
dFuel combustion energy input was calculated by adding the energy (subtracting reaction enthalpy) for iron ore reduction from the
difference of heats of formation of all output components and input components (Eq. 6). This amount is equivalent to the heat of Eq. 9 for
Approach 1 and Eq. 10 for Approach 2. HHVs of the natural gas and hydrogen were used for this calculation.
eFrom Fruehan et al.2 and Stubbles.3
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The energy balance for an average blast furnace
operation was calculated using published material
balance data and applying the same method of cal-
culating energy values as for the flash ironmaking
process.

Furthermore, the energy balances for the refor-
merless flash ironmaking process and for the aver-
age blast furnace are illustrated in Fig. 2 as Sankey
diagrams.10 The energy balances represented by
these Sankey diagrams as well as by Tables I and II
were calculated around the outer boundary in
Fig. 1, depicted by the dashed line. In a Sankey
diagram, the width of each energy stream is pro-
portional to the magnitude of its energy quantity
which, in this work, corresponds to energy flow (GJ/
t Fe). In addition, Sankey diagrams showing the
energy flows on the individual unit processes and
operations, including internal recycle streams, can
be constructed. An example of such a diagram for
the reformerless flash ironmaking under Approach
1 is presented in Fig. 3. In this diagram, the energy
flows by internal recycle streams as well as their
magnitudes can clearly be seen. This comprehensive
version of the Sankey diagram was prepared just for

the case of reformerless flash ironmaking because
the detailed internal steps for the blast furnace
process were not considered in this work.

In the blast furnace process, the energy con-
sumed by sintering, pelletizing, and cokemaking
operations, which are not required in flash iron-
making, is part of the energy requirement and
represents a significant portion of the overall
energy requirement for the blast furnace opera-
tion. The ore/coke preparation accounts for
30–40% of the total energy input (which is
defined as the sum of the input streams) in terms
of Approaches 1 and 2, respectively, as can be
seen in Fig. 2.

For the flash ironmaking process, the cases of
using two different reductants/fuels, natural gas or
hydrogen, have been analyzed. The results of
applying Approach 2 were adapted from Pinegar
et al.4,5 and those of applying Approach 1 were
calculated by modifying the ‘‘Fuel combustion’’
term in the input category and the ‘‘Reduction’’
term in the output category, which are the only
numbers that are different between Approaches 1
and 2.

Table II. Energy output items for a commercial-scale flash ironmaking process using natural gas or
hydrogen compared with those for an average blast furnace process (production rate = 1 million tonnes of
iron per year at 1773 K (300 days of operation in 1 year).) Adapted from Pinegar et al.4,5

Process

Reformer-
less Natural

Gas Hydrogen
Blast

Furnacea

Approach 1 2 1 2 1 2

Itemized
output
(GJ/t Fe)

Reductionb 6.68 0.91 6.68 0.91 7.37 2.10
Sensible heat of iron 1.27 (1773 K) 1.35 (1873 K)
Sensible heat of slag 0.24 (1773 K) 0.47 (1873 K)

Slurry (H2O (l)) 2.25 (323 K) 1.93
Hot water not used 1.57 (493 K)

Flue gas 0.79 (573 K) 0.26 (363 K)
Removed water vapor 0.01
CaCO3 decomposition 0.33

Slagmaking �0.17
Heat loss in the reactor 0.78 0.78 2.60

Heat loss in the heat exchangers (sum of next 3) 0.73 0.34 0.07
Reactor feed gas heater 0.40

Natural gas heater 0.21
WGS reactor feed gas heater 0.12

Steam not used (363 K) 0.14
Sub-total 14.45 8.68 11.25 5.48 12.28 7.01

Pelletizingc 3.01
Sinteringc 0.65

Cokemakingc 2.02
CaCO3 and MgCO3 calcination (external) 0.26 0.26

Total 14.71 8.94 11.51 5.74 17.96 12.69

aEnergy balance was calculated by METSIM based on the published material balance.
bFor the flash ironmaking process, the reduction energy corresponds to the decomposition of magnetite (Eq. 7) (6.68 GJ/t Fe) for Approach
1. For the blast furnace, it corresponds to the heat of decomposition of Fe2O3 (7.37 GJ/t Fe). In Approach 2, reduction energy corresponds
to the heat of the reduction reaction (0.91 GJ/t Fe) for flash ironmaking and the heat of the reaction Fe2O3 + 3/2C = 2Fe + 3/2CO2 for the
blast furnace. (See discussion in the text for the justification of using hematite for the blast furnace.)
cFrom Fruehan et al.2 and Stubbles.3
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In terms of the descriptions of Approaches 1 and
2 formulated above, the ‘‘fuel combustion’’ energy
input was calculated by adding the energy (sub-
tracting reaction enthalpy) for iron ore reduction
from the difference of heats of formation of all
output components and input components (Eq. 6).
This amount is equivalent to the heat of combus-
tion of Eq. 9 for Approach 1 and Eq. 10 for
Approach 2.

The ‘‘reduction’’ energy in the output category
(i.e., Table II) corresponds to the decomposition of
magnetite (Fe3O4) [(Eq. 7) (6.68 GJ/t Fe)] for
Approach 1 for the flash ironmaking process. For
the blast furnace, it corresponds to the heat of
decomposition of hematite (Fe2O3) (7.37 GJ/t Fe).
(Magnetite concentrate must be pelletized or sin-
tered to be used in a blast furnace during which it is
converted to hematite, generating heat. This heat
generation is reflected in the energy requirement for
pelletization. Thus, it is appropriate to use hematite
as the feed material in blast furnace operations.) In

Approach 2, the reduction energy corresponds to the
heat of reduction reaction by hydrogen (0.91 GJ/t
Fe) for flash ironmaking. (Even when natural gas is
used, essentially all reduction is done by hydrogen
produced from partial combustion of natural gas.)
For the blast furnace, it is the heat of the reaction
Fe2O3 + 3/2C = 2Fe + 3/2CO2.

The energy requirement calculated using
Approach 2 is the ‘‘process energy requirement,’’
and the difference between the total input energy by
Approach 1 and the process energy requirement
may be termed ‘‘reductant energy’’ (‘‘feedstock en-
ergy’’ in petrochemicals production).11

DISCUSSION

As shown in Tables I and II and Fig. 2, the dif-
ference in the energy requirements between each
ironmaking process and the blast furnace remains
largely the same regardless of the treatment given
to the fuel used as a reductant.

Fig. 2. Sankey diagrams for reformerless flash ironmaking and average blast furnace. Prepared with MATLAB8 using the function drawSankey.9

Values in GJ/t Fe. Input energy flows: A fuel combustion, B coke/ore preparation (5.68), C calcination (0.26), D slagmaking (0.17). Output energy
flows: E reduction, F sensible heat of iron, G sensible heat of slag, H slurry, I hot water not used, J flue gas, K removed water vapor (0.01), L
CaCO3 decomposition (0.33), M heat loss in ironmaking reactor, N heat loss in heat exchangers, O steam not used (0.14), P heat recovery, Q
pelletizing (3.01), R sintering (0.65), S cokemaking (2.02).
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The ‘‘energy requirements’’ of these processes can
be obtained directly from the total amounts of en-
ergy inputs in Table I and outputs in Table II. This
is possible because in Table I the recovered heat is
presented as a negative input item, as indicated by
Eq 5. The energy balance results can be presented
with such an item listed as a positive output item in
Table II. This is actually how the recovered heat is
presented in the Sankey diagrams shown in Fig. 2;
in which case, the ‘‘balance’’ is still achieved, as
indicated by Eq. 4.

In some reports,2,12 the energy required for
decomposing iron oxide to iron and oxygen, Eq. 7, is
used as the ‘‘theoretically lowest’’ or ‘‘theoretical
minimum’’ energy requirement. It is noted that this
reaction, which does not actually take place under
ironmaking processes, involves the largest enthalpy
change (energy requirement) of any chemical reac-
tions involved in the production of iron from iron
oxide. As illustrated by the Sankey diagrams

(Fig. 2) for Approach 1, this decomposition reaction
requires (energy output) more than 30% of the
energy input in both processes. The energy required
for this reaction is used as an item of energy
requirement in Approach 1 above. In Approach 2,
the endothermic heat of the reduction reaction
(Eq. 8) is used for calculating the energy require-
ment. This energy represents only 7% and 15% of
the energy input when Approach 2 is used for
determining the energy requirement for the flash
ironmaking process and blast furnace, respectively.

A simple food-for-thought question: If we consider
a process in which the reaction

2=3Fe2O3 þ C ¼ 4=3Fe þ CO2 (11)

occurs at room temperature, what do we consider as
the energy requirement for the process? Is it the
heat of Eq. 11, or should it include the heat of
combustion of the carbon used as a reactant just
because it has a heating value?

Fig. 3. Sankey diagram based on Approach 1 for a commercial-scale reformerless flash ironmaking process producing 1 million tonnes of iron
per year at 1773 K (300 days of operation in 1 year). Prepared from data presented in Pinegar et al.5 Values in GJ/t Fe. Input energy flows: A
fresh natural gas (19.22). Output energy flows: B reduction (6.68), C sensible heat of iron (1.27), D sensible heat of slag (0.24), E heat loss in
ironmaking reactor (0.78), F heat loss in heat exchanger I (0.21), G heat loss in heat exchanger II (0.39), H waste heat boiler (3.39), I exported
steam vaporization heat (1.24), J exported steam sensible heat (0.27), K hot water not used (1.57), L flue gas (0.79), M heat loss in hydrogen
recycling system (0.12), N slurry (2.25). Internal energy flows: O desulfurized natural gas HHV (19.22), P desulfurized natural gas sensible heat
(0.36), Q recycled hydrogen (23.46), R off-gas HHV (27.41), S off-gas sensible heat (7.53), T water in off-gas vaporization heat (2.04), U
preheated feed gas HHV (43.02), V preheated feed gas sensible heat (3.25), W off-gas sensible heat (4.24), X off-gas sensible heat (3.68), Y off-
gas sensible heat (0.29).
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CONCLUSION

When calculating energy requirements and pre-
senting the results, it is essential to clearly state the
approach used. Specifically and most importantly, it
should be stated despite whether the chemical heat
content (the heat of combustion) of a reactant that
can also be used as a fuel is included in the calcu-
lated value of energy requirement. Even with these
clarifications of approaches, it will make it much
clearer to present distinct values for the process
energy requirement that includes only the heating
value of the fuel and reductant energy (feedstock
energy in petrochemicals production) that repre-
sents the chemical heating value of the material
used as a reactant.

The authors advocate using just the process
energy requirement as the standard value of the
energy requirement for a process in which a reac-
tant is also a fuel, which is equivalent to using
Approach 2.

In addition, a statement regarding whether the
HHV (assumes liquid water in the combustion pro-
ducts) or the lower heating value (assumes water
vapor in the combustion products at 298 K) should
be included when the fuel contains hydrogen.
Another item of information often neglected that
must be provided is the system boundary around
which the material and energy balances are per-
formed; that is, clear definitions of input and output
streams and conditions.
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