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1. Introduction
Since the 1970s, energy saving has contributed to various elements of societies around the
world for economic reasons. Recently, energy saving technology has attracted increased
interest in many countries as a means to suppress global warming and to reduce the use of
fossil fuels. The combustion of fossil fuels for heating produces a large amount of carbon
dioxide (CO2), which is the main contributor to global greenhouse gas effects (Eastop &
Croft 1990, Kemp 2007). Thus, the reduction of energy consumption for heating is a very
important issue. To date, to reduce energy consumption, heat recovery technology such as
pinch technology, which exchanges heat between the hot and cold streams in a process, has
been applied to thermal processes (Linnhoff et al. 1979, Cerda et al. 1983, Linnhoff et al.
1983, Linnhoff 1993, Linnhoff & Eastwood 1997, Ebrahim & Kawari 2000). A simple example
of this technology is the application of a feed-effluent heat exchanger in thermal processes,
wherein heat is exchanged between feed (cold) and effluent (hot) streams to recirculate the
self-heat of the stream (Seider et al. 2004). To exchange the heat, an additional heat source
may be required, depending on the available temperature difference between two streams
for heat exchange. The additional heat may be provided by the combustion of fossil fuels,
leading to exergy destruction during heat production (Som & Datta 2008). In addition, many
energy saving technologies recently developed are only considered on the basis of the first
law of thermodynamics, i.e. energy conservation. Hence, process design methods based on
these technologies are distinguished by cascading heat utilization.
Simultaneously, many researchers have paid attention to the analysis of process exergy and
irreversibility through consideration of the second law of thermodynamics. However, many
of these investigations show only the calculation results of exergy analysis and the
possibility of the energy savings of some processes, and few clearly describe methods for
reducing the energy consumption of processes (Lampinen & Heillinen 1995, Chengqin et al
2002, Grubbström 2007). To reduce exergy reduction, a heat pump has been applied to
thermal processes, in which the ambient heat or the process waste heat is generally pumped
to heat the process stream by using working fluid compression. Although it is well-known
that a heat pump can reduce energy consumption and exergy destruction in a process, the
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heat load and capacity of the process stream are often different from those of the pumped
heat. Thus, a normal heat pump still possibly causes large exergy destruction during
heating. In heat recovery technologies, vapor recompression has been applied to
evaporation, distillation, and drying, in which the vapor evaporated from the process is
compressed to a higher pressure and then condensed, providing a heating effect. The
condensation heat of the stream is recirculated as the vaporization heat in the process by
using vapor recompression. However, many investigators have only focused on latent heat
and few have paid attention to sensible heat. As a result, the total process heat cannot be
recovered, indicating the potential for further energy savings in many cases. Recently, an
energy recuperative integrated gasification power generation system has been proposed and
a design method for the system developed (Kuchonthara & Tsutsumi 2003, Kuchonthara et
al. 2005, Kuchonthara & Tsutsumi 2006). Kansha et al. have developed self-heat recuperation
technology based on exergy recuperation (2009). The most important characteristics of this
technology are that the entire process stream heat can be recirculated into a process
designed by this technology based on exergy recuperation, leading to marked energy
savings for the process.
In this chapter, an innovative self-heat recuperation technology, in which not only the latent
heat but also the sensible heat of the process stream can be circulated without heat addition,
and the theoretical analysis of this technology are introduced. Then, several industrial
application case studies of this technology are presented and compared with their
conventional counterparts.

2. Self-heat recuperation technology
Self-heat recuperation technology (Kansha et al. 2009) facilitates recirculation of not only
latent heat but also sensible heat in a process, and helps to reduce the energy consumption
of the process by using compressors and self-heat exchangers based on exergy recuperation.
In this technology, i) a process unit is divided on the basis of functions to balance the
heating and cooling loads by performing enthalpy and exergy analysis and ii) the cooling
load is recuperated by compressors and exchanged with the heating load. As a result, the
heat of the process stream is perfectly circulated without heat addition, and thus the energy
consumption for the process can be greatly reduced. In this section, first, the theory of the
self-heat recuperation technology and the design methodology for self-heat recuperative
processes are introduced for a basic thermal process, and then self-heat recuperative
processes applied to separation processes are introduced.
2.1 Self-heat recuperative thermal process
Exergy loss in conventional thermal processes such as a fired heater normally occurs during
heat transfer between the reaction heat produced by fuel combustion and the heat of the
process stream, leading to large energy consumption in the process. To reduce the energy
consumption in the process through heat recovery, heating and cooling functions are
generally integrated for heat exchange between feed and effluent to introduce heat
circulation. A system in which such integration is adopted is called a self-heat exchange
system. To maximize the self-heat exchange load, a heat circulation module for the heating
and cooling functions of the process unit has been proposed, as shown in Figure 1 (Kansha
et al. 2009).
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Figure 1 (a) shows a thermal process for gas streams with heat circulation using self-heat
recuperation technology. In this process, the feed stream is heated with a heat exchanger
(1→2) from a standard temperature, T1, to a set temperature, T2. The effluent stream from
the following process is pressurized with a compressor to recuperate the heat of the effluent
stream (3→4) and the temperature of the stream exiting the compressor is raised to T2
through adiabatic compression. Stream 4 is cooled with a heat exchanger for self-heat
exchange (4→5). The effluent stream is then decompressed with an expander to recover part
of the work of the compressor. This leads to perfect internal heat circulation through selfheat recuperation. The effluent stream is finally cooled to T1 with a cooler (6→7). Note that
the total heating duty is equal to the internal self-heat exchange load without any external
heating load, as shown in Fig. 1 (b). Thus, the net energy required of this process is equal to
the cooling duty in the cooler (6→7). To be exact, the heat capacity of the feed stream is not
equal to that of the effluent stream. However, the effect of pressure to the heat capacity is
small. Thus, two composite curves in Fig. 1 (b) seem to be in parallel. In addition, the exergy
destruction occurs only during the heat transfer in the heat exchanger. The amount of this
exergy destruction is illustrated by the gray area in Fig. 1 (b).
In the case of ideal adiabatic compression and expansion, the input work provided to the
compressor performs a heat pumping role in which the effluent temperature can achieve
perfect internal heat circulation without exergy destruction. Therefore, self-heat
recuperation can dramatically reduce energy consumption. Figure 1 (c) shows a thermal
process for vapor/liquid streams with heat circulation using the self-heat recuperation
technology. In this process, the feed stream is heated with a heat exchanger (1→2) from a
standard temperature, T1, to a set temperature, T2. The effluent stream from the subsequent
process is pressurized by a compressor (3→4). The latent heat can then be exchanged
between feed and effluent streams because the boiling temperature of the effluent stream is
raised to Tb’ by compression. Thus, the effluent stream is cooled through the heat exchanger
for self-heat exchange (4→5) while recuperating its heat. The effluent stream is then
depressurized by a valve (5→6) and finally cooled to T1 with a cooler (6→7). This leads to
perfect internal heat circulation by self-heat recuperation, similar to the above gas stream
case. Note that the total heating duty is equal to the internal self-heat exchange load without
an external heating load, as shown in Fig. 1 (d). It is clear that the vapor and liquid sensible
heat of the feed stream can be exchanged with the sensible heat of the corresponding
effluent stream and the vaporization heat of the feed stream is exchanged with the
condensation heat of the effluent stream. Similar to the thermal process for gas streams with
heat circulation using self-heat recuperation technology mentioned above, the net energy
required of this process is equal to the cooling duty in the cooler (6→7) and the exergy
destruction occurs only during heat transfer in the heat exchanger and the amount of this
exergy destruction is indicated by the gray area in Fig. 1 (d). As well as the gas stream, the
effect of pressure to the heat capacity is small. Thus, two composite curves in Fig. 1 (b) are
closed to be in parallel. As a result, the energy required by the heat circulation module is
reduced to 1/22–1/2 of the original by the self-heat exchange system in gas streams and/or
vapor/liquid streams.
To use the proposed self-heat recuperative thermal process in the reaction section of hydrodesulfurization in the petrochemical industry as an industrial application, Matsuda et al.
(2010) reported that the advanced process requires 1/5 of the energy required of the
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conventional process on the basis of enthalpy and examined the considerable reduction of
the exergy destructions in this process. The other related industrial applications of the
proposed self-heat recuperative thermal process are the preheating sections of the feed
streams for reaction to satisfy the required physical conditions.

Fig. 1. Self-heat recuperative thermal process a) process flow of gas streams, b) temperatureentropy diagram of gas streams, c) process flow of vapor/liquid streams, d) temperatureentropy diagram of vapor/liquid streams.
2.2 Self-heat recuperative separation processes
Expanding the self-heat recuperative thermal process to separation processes (Kansha et al.
2010a), a system including not only the separation process itself but also the
preheating/cooling section, can be divided on the basis of functions, namely the separation
module and the heat circulation module, in which the heating and cooling loads are
balanced, as shown in Fig. 2. To simplify the process for explanation, Fig. 2 shows a case that
has one feed and two effluents. In this figure, the enthalpy of inlet stream (feed) is equal to
the sum of the outlet streams (effluents) enthalpies in each module, giving an enthalpy

www.intechopen.com

Self-Heat Recuperation: Theory and Applications

83

difference between inlet and outlet streams of zero. The cooling load in each module is then
recuperated by compressors and exchanged with the heating load using self-heat
recuperation technology. As a result, the heat of the process stream (self-heat) is perfectly
circulated without heat addition in each module, resulting in perfect internal heat
circulation over the entire separation process.

Fig. 2. Conceptual figure for self-heat recuperative separation processes.
2.2.1 Self-heat recuperative distillation process
Although distillation columns have been widely used in separation processes based on
vapor/liquid equilibria in petroleum refineries and chemical plants, the distillation process
consumes a massive amount of energy required for the latent heat of the phase change,
resulting in the emission of a large amount of CO2. To prevent the emission of CO2 through
use of self-heat recuperation technology (Kansha et al. 2010b), a distillation process can be
divided into two sections, namely the preheating and distillation sections, on the basis of
functions that balance the heating and cooling load by performing enthalpy and exergy
analysis, and the self-heat recuperation technology is applied to these two sections. In the
preheating section, one of the streams from the distillation section is a vapor stream and the
stream to the distillation section has a vapor–liquid phase that balances the enthalpy of the
feed streams and that of the effluent streams in the section. In balancing the enthalpy of the
feed and effluent streams in the heat circulation module, the enthalpy of the streams in the
distillation module is automatically balanced. Thus, the reboiler duty is equal to the
condenser duty of the distillation column. Therefore, the vapor and liquid sensible heat of
the feed streams can be exchanged with the sensible heat of the corresponding effluent
streams, and the vaporization heat can be exchanged with the condensation heat in each
module.
Figure 3 (a) shows the structure of a self-heat recuperative distillation process consisting of
two standardized modules, namely, the heat circulation module and the distillation module.
Note that in each module, the sum of the enthalpy of the feed streams and that of the
effluent streams are equal. The feed stream in this integrated process module is represented
by stream 1. This stream is heated to its boiling point by the two streams independently
recuperating heat from the distillate (12) and bottoms (13) by the heat exchanger (1→2). A
distillation column separates the distillate (3) and bottoms (9) from stream 2. The distillate
(3) is divided into two streams (4, 12). Stream 4 is compressed adiabatically by a compressor
and cooled down by the heat exchanger (2). The pressure and temperature of stream 6 are
adjusted by a valve and a cooler (6→7→8), and stream 8 is then fed into the distillation
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column as a reflux stream. Simultaneously, the bottoms (9) is divided into two streams (10,
13). Stream 10 is heated by the heat exchanger and fed to the distillation column (10→11).
Streams 12 and 13 are the effluent streams from the distillation module and return to the
heat circulation module. In addition, the cooling duty of the cooler in the distillation module
is equal to the compression work of the compressor in the distillation module because of the
enthalpy balance in the distillation module.
The effluent stream (12) from the distillation module is compressed adiabatically by a
compressor (12→14). Streams 13 and 14 are successively cooled by a heat exchanger. The
pressure of stream 17 is adjusted to standard pressure by a valve (17→18), and the effluents
are finally cooled to standard temperature by coolers (15→16, 18→19). The sum of the
cooling duties of the coolers is equal to the compression work of the compressor in the heat
circulation module. Streams 16 and 19 are the products.
Figure 3 (b) shows the temperature and heat diagram for the self-heat recuperative
distillation process. In this figure, each number corresponds to the stream numbers in Fig. 3
(a), and Tstd and Tb are the standard temperature and the boiling temperature of the feed
stream, respectively. Both the sensible heat and the latent heat of the feed stream are
subsequently exchanged with the sensible and latent heat of effluents in heat exchanger 1.
The vaporization heat of the bottoms from the distillation column is exchanged with the
condensation heat of the distillate from the distillation column in the distillation module.
The heat of streams 4 and 12 is recuperated by the compressors and exchanged with the heat
in the module. It can be seen that all the self-heat is exchanged. As a result, the exergy loss of
the heat exchangers can be minimized and the energy required by the distillation process is
reduced to 1/6–1/8 of that required by the conventional, heat-exchanged distillation
process. To examine the energy required, the temperature difference of heat exchangers
between cold and hot streams is an important parameter. In fact, to increase this, the heat
transfer surface area can be decreased. To achieve industrial self-heat recuperative
distillation processes, further investigation of the minimum temperature difference in the
heat exchangers is required, especially the difference of the heat types of the streams in the
heat exchanger (e.g. sensible heat and latent heat).
As industrial applications of this self-heat recuperative distillation processes, Kansha et al.
(2010c) examined the energy saving efficiency of an integrated bioethanol distillation process
using an azeotropic distillation method as compared with the conventional azeotropic
distillation processes. In this paper, the energy required for the proposed integrated processes
using self-heat recuperative distillation was only 1/8 of the conventional process, leading to a
dramatic reduction in the production cost of bioethanol. They also applied it to the cryogenic
air separation process and examined the energy required compared with the conventional
cryogenic air separation for an industrial feasibility study (Kansha et al. 2011a). In that paper,
the conventional cryogenic air separation was well integrated on the basis of the heat required
to decrease the temperature to near -200 °C, especially, and they pointed out that a cryogenic
air separation is a kind of multi-effect distillation column. However, there was potential for a
40% energy reduction by using self-heat recuperative distillation. Furthermore, the authors
applied it to a well-known and recently developed energy saving distillation process, an
internally heat integrated distillation column (HIDiC). In HIDiC, the distillation column can be
divided into two sections (the rectification section and the stripping section) and the
condensation heat is exchanged with the vaporization heat between these two sections using
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the pressure difference. Designing this based on self-heat recuperation technology shows
further energy saving (Kansha et al. 2011b). From these three industrial case studies, self-heat
recuperation technology can be applied to recently developed heat recovery distillation
processes such as heat integrated distillation processes, multi-effect distillation processes and
HIDiC processes. Finally, to examine the feasibility of self-heat recuperation for industrial
processes in the petrochemical industry, Matsuda et al. (2011) applied it using practical
industrial data and modified the stream lines to enable practical processes and examined the
energy required, exergy destruction and economical efficiency. From these studies, it can be
concluded that the self-heat recuperative distillation process is very promising for saving
energy.

Fig. 3. Self-heat recuperative distillation process a) process flow diagram, b) temperatureheat diagram.
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2.2.2 Self-heat recuperative drying process
Drying is usually conducted to reduce transportation costs by decreasing product weight
and size, giving long-term storage stability and increasing the thermal efficiency in
thermochemical conversion processes. Unfortunately, drying is one of the most energy
intensive processes owing to the high latent heat of water evaporation. Theoretically,
assuming an ambient temperature of 15 °C, the energy required for water evaporation
ranges from 2.5 to 2.6 MJ per kg evaporated water, depending on the wet bulb temperature
(Brammer & Bridgwater 1999). There are two important points regarding reduction of
energy consumption during drying: (i) intensification of heat and mass transfer inside the
dryer and (ii) efficient heat recovery and energy utilization (Strumillo et al. 2006).
Concerning the latter, several methods have been developed to improve energy saving
during drying, including heat recovery with and without flue gas recirculation, heat pumps,
and pinch technology. However, these systems cannot effectively recover all the heat of the
drying medium, the evaporated water, and the dried products.
To improve the energy efficiency in drying, Aziz et al. (2011a, 2011b) have recently
developed a drying process based on self-heat recuperation technology. In this technology,
the hot stream is heated by compression to provide a minimum temperature difference
required for heat pairing and exchange with the cold stream and all of the self-heat of the
process stream is recirculated based on exergy recuperation. As a result, all of the heat
involved in drying can be recuperated and reused as a heat source for the subsequent
drying process. This includes recuperation of sensible heat from the gas serving as the
drying medium, both sensible and latent heat of the evaporated water and the sensible heat
of the dried products. A process diagram for brown coal drying based on self-heat
recuperation technology is shown in Fig. 4 (a). A fluidized bed dryer with an immersed heat
exchanger is selected as the evaporator owing to its high heat transfer coefficient, excellent
solid mixing, and uniform temperature distribution (Wan Daud, 2008, Law & Mujumdar
2009). Wet brown coal is fed and heated through a pre-heater (dryer 1a) to a given
temperature. Subsequently, the main drying stage (water evaporation) is performed inside
the fluidized bed dryer (dryer 2), where evaporation occurs. The immersed heat exchangers,
which are filled by a compressed mixture of air and steam, are immersed inside the
fluidized bed, providing the heat required for water removal. The exhausted mixture of air
and steam is then compressed to achieve a higher exergy rate before it is circulated back and
utilized as the heat source for evaporation (dryer 2) and pre-heating (dryer 1a, dryer 1b), in
that order. In addition, the sensible heat of the hot, dried brown coal is recovered by the
drying medium, to further reduce drying energy consumption (dryer 1c).
The heat exchange inside the fluidized bed dryer is considered to be co-current because the
bed is well mixed and the minimum temperature approach depends on the outlet
temperature of the hot streams (compressed air-steam mixture) and the temperature of the
bed.
Figure 4 (b) shows a temperature-enthalpy diagram for the self-heat recuperative brown
coal drying. Almost all of the heat is recovered, leading to a significant reduction in the total
energy consumption. The largest amount of heat recuperation occurs in dryer 2, which
involves the heat exchange between the condensation heat of the compressed air-steam
mixture and the evaporation heat of the water in the brown coal. The heat curves of the hot
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and cold streams, especially in dryer 2, are almost parallel owing to the efficient heat pairing
within the dryer.

Fig. 4. Self-heat recuperative brown coal drying (a) process flow diagram, (b) temperatureheat diagram.
This drying process can reduce the total energy consumption to about 75% of that required
for hot air drying using conventional heat recovery. Furthermore, as the heat required for
water evaporation is provided by the condensation of the compressed air-steam mixture, the
inlet air temperature is considerably lower, leading to safer operation due to reduced risk of
fire or explosion.
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In addition, the thermodynamic model of heat exchange inside the fluidized bed is shown in
Fig. 5. The compressed air-steam mixture flows inside a heat transfer tube immersed in the
fluidized bed dryer. Thus, in-tube condensation occurs and heat is transferred to the bed via
the tube wall and is finally transferred from the bed to the brown coal particles.

Fig. 5. Model of heat transfer inside the fluidized bed dryer.
The heat transfer rate from the compressed vapor inside the heat transfer tube to the drying
sample in FBD, qs, can be approximated as:
q s  U A ( T v  Ts )

(1)

Also, because the heat exchange inside the fluidized bed dryer involves convection and
conduction, the product of the overall heat transfer coefficient, U, and surface area, A, may
be approximated by equation (2).
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The first term of the right side of equation (2) represents the heat transfer resistance of vapor
condensation inside the tube. Ac and c are the inner surface area of the tube and the heat
transfer coefficient, respectively. The second term corresponds to the conductive heat
transfer through the tube wall having the thermal conductivity, inner radius and outer
radius of t, r and R, respectively. Convective heat transfer from the outer tube surface to the
brown coal particles inside the bed is expressed by the third term, in which the convective
heat transfer coefficient and the outer surface area of the tube are t and At, respectively.
The heat transfer coefficient on a horizontal tube immersed inside the fluidized bed has
been reported by Borodulya (1989, 1991):
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The heat transfer coefficient of the condensing vapor is calculated using a general
correlation proposed by Shah (1979):
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2.2.3 Self-heat recuperative CO2 absorption process
Carbon capture and storage (CCS) has attracted significant attention in the past two decades
to reduce greenhouse gas emissions and mitigate global warming. CCS consists of the
separation of CO2 from industrial and energy-related sources, transportation of CO2 to a
storage location and long-term isolation of CO2 from the atmosphere (Rubin et al. 2005).
It is reported that the most significant stationary point sources of CO2 are power generation
processes. In fact, the amount of CO2 emission from power generation processes comprises
40% of global CO2 emissions (Rubin et al. 2005, Toftegaard, 2010). For power generation,
there are three different types for CO2 capture processes: post-combustion, pre-combustion
and oxy-fuel combustion (Rubin et al. 2005). In this section, the CO2 absorption process for
post-combustion is used as a case study (Fig. 6).
Post-combustion capture in power plants is generally used for pulverized-coal-fired power
plants. The CO2 concentration in post-combustion is low compared with the other two CO2
capture processes: around 10% (wet base). The CO2 capture is generally performed through
chemical absorption with monoethanolamine (MEA).
N2, O2

Flue Gas
Air
Coal, Gas

Electricity &
Heat generation

CO2 capture

CO2

Dehydration, Compression,
Transportation and Storage

Fig. 6. Post-combustion capture.
Figure 7 shows a diagram of the conventional CO2 absorption process, which consists of an
absorber, a heat exchanger (HX) for heat recovery and a stripper (regenerator) with a
reboiler. The flue gas and a ‘lean CO2 concentration' amine solution (lean amine) are fed into
the absorber, and CO2 gas is absorbed into the lean amine. This amine solution containing
absorbed CO2 is called the 'rich CO2 concentration' amine solution (rich amine). Exhaust
gases are discharged from the top of the absorber. The rich amine is fed into the stripper
through the HX and then lean amine is regenerated and the CO2 gas is stripped by heating
in the reboiler of the stripper. In the conventional absorption process using MEA, the heat
(4.1 GJ/t-CO2) is supplied by the reboiler in the stripper. The ratio of this heat for
regeneration and vaporization is 1:1. From Fig. 7, it can be understood that a part of sensible
heat is recovered from lean amine using the HX. However, the heat of vaporization cannot
be recovered from heat of steam condensation for stripping in the reboiler because of the
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temperature difference between the condenser and the reboiler. Thus, CO2 capture is the
most costly and high energy consumption process of power generation, leading to higher
CO2 emissions. In fact, it is reported that this process drops the net efficiency of the power
plant by about 10% (Damen 2006, Davison 2007).

Fig. 7. Conventional CO2 absorption process.
If all process heat (sensible heat, latent and reaction heat) can be recirculated into the
process, the energy required for CO2 capture can be greatly reduced. To achieve perfect
internal heat circulation, a self-heat recuperation technology was applied to the CO2
absorption process and a self-heat recuperative CO2 absorption process was proposed, as
shown in Fig. 8 (a) (Kishimoto et al. 2011). In this process, the aforementioned self-heat
recuperative distillation module in 2.2.1 can be applied to the stripping section (A) in Fig. 8
(a). A mixture of CO2 and steam is discharged from the top of stripper and compressed
adiabatically by a compressor to recuperate the steam condensation heat. This recuperated
heat is exchanged with the heat of vaporization for stripping in the reboiler, leading to a
reduction in the energy consumption for stripping.
In the section B in Fig. 8 (a), the aforementioned heat circulation module in 2.2.1 can be
applied, and furthermore the heat of the exothermic reaction generated at low temperature
in the absorber is transported and reused as reaction heat for solution regeneration at high
temperature using a reaction heat transformer (RHT). This RHT is a type of closed-cycle
compression system with a volatile fluid as the working fluid and consists of an evaporator
to receive heat from the heat of exothermic reaction in the absorber, a compressor with
driving energy, a condenser to supply heat to the stripper as heat of the endothermic
reaction, and an expansion valve. The heat of the exothermic absorption reaction at the
evaporator in the absorber is transported to the endothermic desorption reaction in the
condenser of the stripper by the RHT. Therefore, both the heat of the exothermic absorption
reaction in the absorber and the heat of steam condensation from the condenser in the
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stripper are recuperated and reused as the reaction heat for solution regeneration and the
vaporization heat for CO2 stripping in the reboiler of the stripper.
As a result, the proposed self-heat recuperative CO2 absorption process can recirculate the
entire process heat into the process and reduce the total energy consumption to about 1/3 of
the conventional process.

Fig. 8. Self-heat recuperative CO2 absorption process, (a) process flow diagram, (b)
temperature-heat diagram.
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3. Conclusion
In this chapter, a newly developed self-heat recuperation technology, in which not only the
latent heat but also the sensible heat of the process stream can be circulated without heat
addition, and the theoretical analysis of this technology were introduced. Several industrial
application case studies of the technology were then presented and compared with their
conventional counterparts. Although these processes require the power to circulate the
process self heat instead of fuel for the furnace heater, a large amount of the energy required
can be eliminated. Furthermore, to integrate the proposed self-heat recuperative processes
with power generation plants, some amount of the power required can be generated from
surplus fuel and energy, leading to achievement to co-production of products and power.
Finally, this self-heat recuperation technology is a very promising technology for
suppressing global warming and reducing the use of fossil fuels.

4. Nomenclature
A
Ar
C
d
h
k
L
Nu
p
Pr
R
Re
r
q
T
U
x

Surface area (m2)
Archimedes number (dimensionless)
specific heat capacity (J kg-1 K-1)
diameter (m)
heat transfer coefficient (W m-2 K-1)
thermal conductivity (W m-1 K-1)
tube length (m)
Nusselt number (dimensionless)
pressure (kPa)
Prandtl number (dimensionless)
outer diameter (m)
Reynolds number (dimensionless)
inner diameter (m)
heat transfer rate (W)
temperature (K)
overall heat transfer (W m-2 K-1)
vapor quality (dimensionless)

Greek letters






heat transfer coefficient (W m-2 K-1)
void fraction (dimensionless)
thermal conductivity (W m-1 K-1)
density (kg m-3)

Subscripts
b
c
crit
g

boiling point
condensation
critical
gas
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l
s
std
t
v
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liquid
particle sample
standard condition
heat transfer tube
vapor
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