
1. Introduction

The Japanese steelmaking industry consumes as much as
11% of the total primary national energy, and releases 5%
of it in the form of waste heat, which gives rise to environ-
mental problems. Thus, several studies have been conduct-
ed1–16) to evaluate energy requirement, propose a new sys-
tem, and design a new equipment for heat recovery, to en-
able energy conservation and decrease carbon dioxide
emission in the steel industry. As a result of two major oil
crises, many energy conservation methods have been intro-
duced. However, no process has been identified to recover
thermal energy from molten slag, and the hot waste gas dis-
charged by blast furnaces (BF), LD-converters (LDC), and
electric arc furnaces (EAF), in spite of its huge potential.6)

The extremely high temperature of such wastes prevents
their efficient recovery by conventional technology.

An earlier study proposed a new heat storage medium
with large latent heat, called the ‘Phase Change Material’
(PCM),10–16) for efficient recovery of intermittently emitted,
high temperature waste heat such as that produced by com-
bustion gas. The results11,12) showed that intermittently
emitted waste heat such as LDC gas changes into a constant
and continuous heat source. Additional studies have report-
ed a new slag granulation method using a Rotary Cup
Atomizer (RCA)9) without water impingement. The results
also showed that the RCA could produce fine slag particles
less than 1 mm in diameter. The main advantage of this
method, when compared to conventional water granulation,

is that steam, polluted water, and hydrogen sulfide are not
generated.

Recently, researchers have been focusing on a new heat
recovery system that uses an endothermic reaction4,6,8,11,12)

instead of sensible heat. This method is attractive because it
facilitates the direct recovery of waste heat without any de-
crease in its existing temperature. The conventional method
based on sensible heat storage is an indirect process that
uses ceramics or water, etc., and requires an additional heat
exchange. However, the new process is based on the con-
cept that an endothermic reaction such as methane–steam
reforming can be combined with high temperature waste
heat to convert its thermal energy into chemical energy. The
steam reforming of methane, which is a direct reduction
process1) for producing hydrogen and carbon monoxide is
essential to the chemical and ironmaking industry. The hy-
drogen and carbon monoxide gases generated can be used
to synthesize methanol.3,11,12) This is significant since the
demand for methanol as a vehicle fuel, or as a hydrogen
source for a fuel cell, or in other applications, is increasing
sharply. Since an endothermic reaction is a key phenome-
non in most industries, a large amount of fossil fuel can be
saved by directly combining it with waste heat.

From the viewpoint of energy cascade utilization,1,2,5,12) it
is important to use high temperature waste heat as a heat
source in the chemical industry. However, it can not be im-
plemented in the steelmaking industry due to a lack of in-
formation on the subsequent economic and environmental
effects. Therefore, the aim of this study is to evaluate a new
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waste heat recovery system for the steelmaking industry
using an endothermic reaction. The study includes an 
exergy analysis and an economic evaluation to assess the
entire process. The results will indicate the possibility of
realizing a process for co-producing steel and hydrogen.
Furthermore, the proposed system will contribute in pro-
moting energy conservation in the steelmaking industry by
reducing the amount of energy consumed in the production
of hydrogen in the chemical industry.

2. Heat Recovery Using an Endothermic Reaction

The sensible heat method is commonly used for heat re-
covery, for example, in the generation of hot water or steam
from the waste heat of an incinerator. In this process, the
heat from high temperature wastes is used as a low energy
resource with low quality. According to the energy theory,
high temperature waste heat should be used as a high tem-
perature heat source. Therefore, the conventional method of
utilizing high temperature waste heat by generating hot
water or steam is inefficient.

In fact, in various industries, the key reaction is always
endothermic, and fossil fuel is consumed to obtain the
exothermic heat of combustion. Therefore, if waste heat is
combined with the desired endothermic reaction, it will fa-
cilitate significant energy conservation. In this study, the
methane–steam reforming reaction is selected as a combi-
nation process8,11,12) for heat recovery from high tempera-
ture waste gas and molten slag. This process uses the fol-
lowing reaction:

CH4�H2OÆCO�3H2 DH298�206 kJ/mol .......(1)

This reaction is energy consuming, and is extensively
used in direct reduction and methanol production processes.
Moreover, this reaction is also used for the production of
hydrogen from natural gas. Being an environmentally
friendly resource, hydrogen is considered an alternative
source of energy and its demand is expected to surpass that
of fossil fuels. The combination process proposed above
has the potential to generate hydrogen by utilizing the reac-
tion heat from high temperature waste such as exhaust gas
and steelmaking slag.

3. Proposed Systems

3.1. Heat Recovery from Waste Gas

Conventionally, in the steelmaking industry, high temper-
ature waste gases over 1 700 K are released from LDC and
EAF. As the process is batch type, the hot gas is discharged
periodically during the operating period. Unfortunately, de-
spite its potential, the sensible heat of such high tempera-
ture gases can not be recovered and are wasted due to tech-
nical difficulties involved in heat recovery.

From the viewpoint of the exergy theory, the temperature
of the waste gas should be maintained as high as possible
for the heat to be effectively utilized. This is because the
potential to effectively utilize thermal energy is greater at
higher temperatures. An earlier report6,11,12) concluded that
thermal energy of LDC gas with temperatures over 1 300 K,
should be supplied to endothermic processes that require it.
These include coal gasification, natural gas reforming,

limestone decomposition, etc. It should never be used to
generate hot water at 353 K or steam at 473 K, and thereby
undergo such a temperature drop. According to the thermo-
dynamic theory, exergy is lost once the temperature drops
even though the heat loss is negligible.

LDC and EAF release waste gases only during the oper-
ating period. The utilization of latent heat between the solid
and liquid phase, using a PCM, is very useful for recover-
ing and storing the intermittently released gas, and then
supplying it as a heat source with a constant temperature, to
another process.11) In the proposed system, a reaction tube
containing the PCM is placed over the furnace as shown in
Fig. 1. The PCM in the reaction tube melts during the oper-
ating period and stores the waste heat. The stored heat is
supplied to the endothermic reaction of the methane–steam
reforming process during both the operating and discharg-
ing periods of the LDC or EAF.

In a corresponding paper,11) it was concluded that the de-
veloped PCM balls can store high temperature waste heat,
release the heat stored with a constant temperature, and also
act as excellent catalysts in the steam reforming process.
These findings suggest that the proposal of a new process
for recovering heat from waste gases by using the latent
heat of the PCM and the endothermic heat of the methane-
steam reforming process is acceptable.

3.2. Heat Recovery from Steelmaking Slag

Steelmaking furnaces such as BF, LDC and EAF, dis-
charge a large amount of high temperature molten slag as
waste. Presently, the slag is treated conventionally by im-
pinging it with a large amount of water for the granulation
and glassification processes. However, this method has the
following problems:

(1) A large amount of water is required to granulate
high temperature molten slag.

(2) An alkaline element in the slag pollutes the water.
(3) Sulfide from the slag is emitted into the air during

the water quenching process.
(4) After water quenching an additional process is

needed to make the slag dry.
(5) The thermal energy of the high temperature slag is

not recovered and therefore wasted.
To solve these problems, the authors, in their previous
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Fig. 1. Proposed heat recovery system for typical LDC and EAF
gases in a methane–steam reforming process using a heat
exchanger with PCM.



study,4,7–9) suggested a dry slag granulation process without
water quenching. The possibility of developing a new
process to recover the sensible and latent heats of molten
slag at a temperature over 1 773 K, and to produce dry slag
particles was discussed. Furthermore, the particle diameter
of the granulated slag can be controlled, according to the
requirement. The advantages of RCA are as follows:

(1) Dry granulation of a high-viscosity fluid such as oil
is possible.4)

(2) Particle diameter can be easily controlled.
(3) The productivity of a unit equipment is very large.
(4) The sensible and latent heats of slag can be effi-

ciently recovered by impinging reactive gases such as a
mixture of methane and steam.4, 8, 11,12)

In the system of heat recovery from molten slag pro-
posed in this study, molten slag is granulated using a RCA
and then a packed bed made up of granulated slag is gener-
ated under the RCA as shown in Fig. 2. To enable heat re-
covery during the endothermic reaction, methane and water
are introduced into the lower part of the packed bed. The
packed bed preheats the steam and methane and then con-
verts it into hydrogen and carbon monoxide in the help of a
Ni based material as a catalyst at the bottom of the RCA.

3.3. Calculation Method

Figures 3 and 4 show the operating conditions used for
the evaluation of the proposed systems, where the tempera-
ture and volume of waste used for the evaluation are as-
sumed. High temperature waste is introduced into the heat
exchanger where heat is recovered. The recovered heat is
supplied to the steam–methane gas mixture which is the
heat recovery medium and then changed into chemical en-
ergy through the endothermic reaction. Finally, with a drop
in temperature, the waste flows out from the exchanger. The
calculation is performed under the assumption that waste
heat is recovered from a high temperature of waste to tem-
peratures as low as 423 K. The high temperatures of the
wastes are 1 723 and 1 573 K for slag and gas, respectively.
The slag heat is directly recovered by an endothermic reac-
tion of methane steam reforming reaction, in contrast the
heats of LDC gas and EAF gas are indirectly recovered
through the latent heat storage by PCM.

The enthalpy and exergy changes per ton of crude steel

are calculated on the basis of the heat and material balances
by modifying the enthalpy. In this calculation, the heat loss
is assumed to be 5% of the inlet energy. The flow rate of
methane and water is calculated based on the mass and heat
balances of the heat exchanger. Exergy is used to evaluate
the quality of energy change, from available to unavailable
energy, that is, energy that cannot be utilized. To draw a
comparison with conventional heat recovery methods such
as sensible heat recovery, the system of hot water and steam
generation are also evaluated. The effect of exergy loss on
the temperature of the heat recovery medium is evaluat-
ed by performing calculations for five heat recovery sys-
tems. The five systems are un-recovered waste, hot water at
353 K, steam at 473 K, steam at 873 K, and methane–steam
reforming. Further, the amount of carbon dioxide emission,
and the economic feasibility of these systems are evaluated,
and compared.

According to the steelmaking industry, the value of waste
gas is assumed to be US$ 0.04 per 4.18 MJ (1 Mcal) of
combustion heat, excluding the cost of separation. Thus,
from an economic and energy perspective, the above evalu-
ation indicates a huge advantage, and is used as the basis
for developing the proposed system.

4. Results and Discussions

Figure 5 shows the enthalpy changes in the five heat re-
covery systems. The figure shows that the total enthalpy for
each system follows the first law of thermodynamics. The
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Fig. 2. Proposed heat recovery system of slag using a rotary cup
atomizer.

Fig. 3. Material and heat flow in the proposed system of slag
heat recovery.

Fig. 4. Material and heat flow in the proposed system of heat re-
covery from waste gas.



fact that there is no change in the total enthalpy before and
after the heat recovery process implies that the calculation
agrees with the law of energy conservation. Among the five
systems, BF slag and LDC gas have very large enthalpy
values. This indicates that these two systems have a high
energy potential. Since the calculation is based on available
chemical composition, it can be assumed that the chemical
composition of the wastes does not change during the heat
recovery process, and the chemical enthalpy also does not
change before and after heat recovery. In contrast, the ther-
mal enthalpy of the wastes decrease and only a small
amount remains at the end of the process. However, chemi-
cal enthalpy of the heat recovery medium increases as op-
posed to the thermal enthalpy of the wastes. This can be ex-
plained by the fact that heat from high temperature waste at
1 773 K is used for an endothermic reaction during the
methane–steam reforming process. As a result, thermal en-
thalpy changes to chemical enthalpy, as indicated by its in-
crease after the heat recovery process. Moreover, the ther-
mal enthalpy of the waste is also changed into thermal en-
thalpy of the heat recovery medium due to an increase in
temperature. Waste heat is utilized from a temperature of
1 773 to 423 K. At the end of the process the thermal en-

thalpy corresponds to the value at 423 K and a 5% heat
loss. These results show that the thermal enthalpy of the
wastes can change into thermal and chemical enthalpy of
the reaction gas.

Figure 6 shows the amount of the heat recovery medium
needed for recovering waste heat. Four mediums are used in
this evaluation, hot water at 353 K, steam at 473 K, steam at
873 K and methane–steam reforming. The enthalpies of BF
slag and LDC gas are higher than the other three, which im-
plies that they need a large heat recovery medium. The fig-
ure shows that about 4 763 kg of water per ton of crude
steel is required for recovering waste heat of BF slag when
the hot water at 353 K system is used. However, as the
steam at 473 and 873 K systems are used, the amount of
medium needed decreases to approximately 1 469 and 422
kg, respectively. Similar results are obtained for the other
waste materials where the ratio of the consumption of heat
recovery medium in each system is 1 : 0.3 : 0.09 (Hot water
353 K : Steam 473 K : Steam 873 K). Additionally, heat re-
covery using the methane–steam reforming system, which
is conducted at a temperature over 1 173 K needs only 52 kg
of medium per ton of crude steel or about 99% less than
that required for the hot water system. This phenomenon
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Fig. 5. Enthalpy changes for five systems before and after the heat recovery processes.

Fig. 6. Amount of heat recovery medium at various conditions for five systems.



indicates that as the temperature of the heat recovery medi-
um decreases, the quality of thermal energy also decreases
because the amount of heat recovery medium needed is
large. Consequently, thermal energy is dispersed and the
quality of thermal energy per unit volume decreases. In
other words, in the heat recovery systems using hot water
and steam, high quality waste heat is converted into a low
quality heat source. In contrast, in the system using an en-
dothermic reaction, thermal energy changes to chemical en-
ergy without a significant energy quality loss suggesting
that this system has greater potential than the others.

To clarify the effective use of the heat recovery medium,
the exergy loss is also analyzed and compared for each sys-
tem. Figure 7 shows the exergy losses of the proposed sys-
tems at various conditions. Generally, exergy losses show a
similar trend in terms of the amount of medium needed to
recover the heat from each system. The exergy loss of the
waste gas is higher than that of slag both for LDC and EAF.
Figure 5 also shows that the total enthalpy for the waste gas
is more than that for slag. BF slag has the highest exergy
loss, about 286 MJ per ton of crude steel. When using the
hot water at 353 K system, about 254 MJ per ton of crude
steel is lost, that is, only 12% of the available energy in the
slag is recovered despite its large potential. However, when
the heat is recovered by the methane–steam reforming sys-
tem using an endothermic reaction, the exergy loss is only
35 MJ per ton of crude steel. This value indicates that the
exergy loss in this system is approximately only 12% as
compared to the unrecovered system. Similar results are ob-
tained for the other waste materials including LDC gas,
LDC-slag, EAF-gas and EAF-slag. Accordingly, exergy
changes sharply in relation to the temperature of the heat
recovery medium. As the temperature of the heat recovery
medium increases, the exergy loss decreases. Thus, the heat
recovery system using an endothermic reaction is expected
to show the minimal exergy loss. In other words, recovering
high temperature waste heat by using a low temperature
medium resulted in low quality energy. However, recovery
using a high temperature medium such as methane-steam
reforming which is a highly endothermic reaction provides
productive and high quality energy.

Table 1 shows the predicted values for maximum recov-
ered heat and reduction of carbon dioxide emission which
is expected by this heat recovered. The results show that the

heat recovered from BF slag, approximately 394 MJ per
crude steel, is the largest among the five systems. The high
temperature and large volume of BF slag correspond to the
large amount of heat available for recovery. The amount of
carbon dioxide emitted by the combustion of carbon is cal-
culated by dividing the recovered heat of wastes by the
combustion heat of carbon. Since the temperature of waste
gas is higher than that of slag, the heat is recovered at a
higher temperature and involves a substantial decrease in
carbon dioxide emission. Presently, 500 kg of carbon diox-
ide is discharged from a BF-LDC per ton of crude steel.
The total reduction of carbon dioxide emission based on
carbon by heat recovery from BF and LDC wastes is calcu-
lated as about 25 C-kg per ton of crude steel. This value
corresponds to 5% of the present fuel ratio. If this system is
applied to the entire Japanese steelmaking industry with the
assumption that the total crude steel production is 102 M
ton (see Fig. 2), using a combination of BF, LDC and EAF,
the amount of carbon dioxide emission, based on carbon,
decreases by 2.05 M ton per year. This value means as
much as 3.9% reduction of CO2 emission in comparison to
1990.

Table 2 shows the economic evaluation of the steam re-
forming reaction for waste heat recovery. In this system, the
reaction used for methane–steam reforming is an endother-
mic reaction in which methane and water are converted into
hydrogen and carbon monoxide. The results show that the
combustion heat increases from 801 kJ for methane gas to
1 011 kJ per mol-CH4 in the steam reforming reaction. This
results in a cost benefit of US$ 0.002 per mol-CH4. In the
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Table 1. Predicted values for maximum heat recovery and re-
duction in carbon dioxide emission.

Fig. 7. Exergy losses at various conditions for five systems.



present BF-LDC method, the cost benefit of reformed gas
corresponds to US$ 4.9 per ton of crude steel produced. If
this system is applied to the entire steelmaking industry, for
the production of 102 M ton of crude steel, the cost benefit
of reformed gas amounts to US$ 409 million per year.

Table 3 shows the cost benefits of the granulated slags.
Presently, most of the BF slag is disposed as waste material
and approximately US$ 10 is spent per ton of BF slag. In
contrast, if the slag is granulated for example, by RCA, and
used as an abrasive material, it will offer the steel industry a
cost benefit of approximately US$ 20 per ton of slag dis-
charged. In other words, BF slag granulation using RCA in-
creases its value by US$ 30 per ton of slag, regardless of
heat recovery. The granulated EAF slag is very valuable. In
the case of EAF slag, the cost benefit is about US$ 490 per
ton of slag or US$ 882 million per year. Currently, approxi-
mately US$ 453 million is spent per year for treating all the
slags, and the sensible heat is wasted. This study shows that

if the slag is completely utilized, both the slag and its sensi-
ble heat after recovery will offer the steelmaking industry a
cost benefit of approximately US$ 1 945 million per year.
Thus, this study demonstrates the feasibility of treating the
waste gases and slag from steelmaking industries by the
proposed method and indicates the possibility of solving an
environmental problem besides offering substantial cost
benefits to the steelmaking industry.

5. Conclusions

The feasibility study of high temperature waste heat re-
covery using an endothermic reaction has been carried out
on the basis of material and energy balances. This study re-
ports the following conclusions:

(1) The method using an endothermic reaction such as
methane steam reforming reported the least exergy loss, in
comparison with conventional methods such as hot water or
steam production.

(2) The reduction in carbon dioxide emission due to the
proposed system is as high as 2.05 M ton per year in
Japanese steelmaking industry.

(3) The cost benefits incurred by the proposed method,
based on the steam reforming reaction, amount of total US$
409 million and US$ 1 945 million per year for discharged
gas and slag, respectively.
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Table 2. Predicted cost benefit from reformed gas in the pro-
posed systems.

Table 3. Maximum cost benefit from granulated slag.


