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H I G H L I G H T S

• H2 and power cogeneration system from black liquor is proposed.

• The system combines supercritical water gasification and syngas chemical looping.

• The available technologies of BL recovery are discussed and compared.

• Compared to other systems, the proposed system shows the highest overall efficiency of 82%.

• The system is cleaner and more efficient with 75% CO2 capture.
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A B S T R A C T

An integrated system to efficiently harvest energy from the waste produced in the pulp mill industry, namely
black liquor (BL), is proposed and investigated. The proposed system mainly comprises the supercritical water
gasification (SCWG) of BL and syngas chemical looping (SCL). In addition, to effectively minimize the circulation
of heat throughout the system, and therefore optimize the energy efficiency, the process design and integration
are conducted by simultaneously adopting the concepts of exergy recovery and process integration. The avail-
able technologies for electricity generation and hydrogen production from BL recovery are discussed and
compared with the proposed system. In this study, hydrogen is set as the main output, while power is produced
by utilizing the heat generated throughout the process. Process simulation is performed using a steady state
process simulator Aspen Plus. Energy efficiency is classified into three categories: hydrogen production effi-
ciency, power generation efficiency, and total energy efficiency. Compared to other BL recovery systems, the
proposed integrated system combining SCWG and SCL processes seems to be very promising. The integrated
system shows very high total energy efficiency and carbon capture of about 80% and 75%, respectively.

1. Introduction

Biomass-based hydrogen (H2) has been receiving considerable at-
tention and could play a significant role as an energy carrier (secondary
energy source) in the foreseeable future. As a secondary energy source,
H2 is predicted to be very important in the future due to its advantages
such as high energy density, high reactivity rate, overall cleanliness,
very high flame speed during combustion, and various production
routes [1–3]. Besides, hydrogen is abundant on earth, albeit in its
oxidized state (H2O). Researches on producing H2 have attracted

significant interest for a long time, and various technologies, such as
gasification or pyrolysis at high temperature, oil/gas reforming, and
water splitting by electrolysis, have been developed.

Since the biomass-based fuel must be sufficiently competitive with
other energy sources, efficient routes from biomass should be in-
vestigated urgently. On an industrial scale, biomass waste, such as black
liquor (BL) from pulp mill, has the energy potential for power and H2

generation [4]. The proper and efficient utilization of BL can reduce
environmental impacts, as well as improve both the economic and en-
ergy values of the waste. However, as the moisture content of BL is very
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high, about 85 wt% on wet basis, drying becomes a mandatory pre-
treatment before converting or harvesting energy from weak BL. Un-
fortunately, since drying is an energy-intensive process, it potentially
reduces the total energy efficiency [5]. Therefore, a conversion process
that can bypass drying is preferred to achieve high total energy effi-
ciency. Among the gasification technologies, supercritical water gasi-
fication (SCWG) has some advantages such as relatively lower oper-
ating temperature and no requirement for drying prior to the
gasification [6,7]. It is also observed that gasification is a more reliable
technology with better results on material decomposition and chemical
energy value compared to other processes [8].

Various routes have been proposed to utilize BL on an industrial

scale to produce power, biofuel, and heat. Huet at al. [9] performed an
experimental study on the SCWG of BL at supercritical conditions of up
to 470 °C and 27MPa. They found that the gas that was produced was
mainly a mixture of H2, CH4, and CO2. In addition, the optimum result
could be obtained at a temperature of 470 °C. At this temperature, all
the organic carbon could be decomposed. However, their work did not
cover any effort on reducing energy loss, which is necessary to circulate
and recover the energy throughout the system. Cao et al. [6] studied
and investigated H2 production via SCWG, H2 separation employing
pressure swing adsorption, and power generation adopting steam tur-
bine. Due to the energy-intensive process during separation, significant
energy loss occurred during the process. Moreover, Cao et al. [10]

Fig. 1. Conceptual diagrams of the compared systems: (a) MEE+ conventional recovery boiler, (b) MEE+BLGCC, (c) MEE+BLGCC with CO2 capture, (d)
MEE+ conventional H2 production, and (e) cogeneration of H2 & power.
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studied the effect of BL evaporation on both energy and exergy effi-
ciencies, and found that the total efficiency of the system decreased
when BL evaporation was adopted prior to SCWG. Andersson and
Harvey [11] reported the performance of the conventional BL gasifi-
cation system to produce H2 with an emphasize on the CO2 emission.
Nonetheless, there was no attempt on improving the investigated
system from the perspective of energy efficiency. Darmawan et al. [12]
proposed a combined system comprising drying of BL, gasification of
dried BL, syngas chemical looping (SCL) for H2 production, and power
production. However, their system adopted conventional gasification,
and therefore the biomass drying process was required.

Biomass utilization to co-produce H2 and power via chemical
looping can be considered as carbon-negative, since biomass is carbon
neutral and the CO2 produced from the reducer is separated. After the
conversion of BL via gasification, SCL is utilized to efficiently produce
H2 and power. Owing to the multiple reactor nature of SCL, H2 and CO2

are produced in different reactors; therefore, the additional step re-
quired to separate CO2 could be eliminated. The co-production of H2

and power from syngas is conducted by cyclic treatment of an iron
oxide-based looping medium with syngas and steam. The SCL process
consists mainly of reduction, oxidation, and combustion in inter-
connected reactors to produce pure H2, CO2, and power [13]. Mu-
kherjee et al. found that iron-based OCs are more favorable than other
OCs, as they enable higher net electrical efficiency owing to the greater
values of their reaction enthalpy during oxidation with air [14].

Through a keyword search in Scopus and Google Scholar, it was
found that there is almost no study that emphasizes on the effective
SCWG-SCL combination system for H2 production and power genera-
tion from biomass, especially BL. Based on this finding, in this study,
this combination is proposed and evaluated. The application of SCWG
to harvest energy from BL is considered very appropriate, as weak BL
having high moisture content can be processed directly without drying.
To increase the energy efficiency, the principles of exergy recovery and
process integration are applied in this study. This combination method
can significantly reduce exergy losses throughout the system. It has
been evaluated in several industrial systems, such as biomass-based
power generation [15–17], coal-based power generation [18,19], and
H2 production [20].

2. Energy recovery of BL for H2 and power generation

As mentioned earlier, a pulp mill industry has a significant energy
potential of about 250–500MW from BL waste [21]. Some existing pulp
mills have adopted various methods for energy recovery from BL in
order to improve the economic benefit. In this section, various tech-
nologies of BL utilization are discussed for comparison with the pro-
posed system in the next section. Fig. 1(a) illustrates the common
method of recovery in the existing modern pulp mill industry, which
utilizes a boiler to produce steam. Before the combustion process,
multiple-effect evaporators (MEE) are employed to remove the water,
making it suitable for direct combustion at a solid content of about
70–75wt% wb. The heat produced in the combustor is then employed
to produce steam at a high pressure and temperature. This steam is then
utilized to rotate the turbine and the remaining steam is further dis-
tributed for internal processes inside the pulp mill.

Fig. 1(b) and (c) illustrate the simplified model of the BL gasification
combined cycle (BLGCC) with and without CO2 capture based on the
business-as-usual scheme of the pulp mill industry, respectively
[22,23]. These integrated systems mainly comprise an air separation
unit (ASU), gasification, and gas and steam turbines. Additional cost is
needed to install CO2 capture for cleaner power production. BLGCC is
considered to have higher efficiency than BL recovery via direct com-
bustion and has the ability to export the surplus power to the grid [21].

Andersson and Harvey [11] proposed and investigated the potential
for H2 production via gasification, gas cleaning, and separation
(Fig. 1(d)). In this system, 100% carbon capture is possible after the CO

shifting and separation process stage. It offers a cleaner and highly ef-
ficient system during operation. The proposed system shown in Fig. 1(e)
mainly comprises evaporation of BL, gasification, and the syngas che-
mical looping (SCL process). The chemical looping process comprises
three main reactors: reduction, oxidation, and combustion reactors. In
the reduction reactor, the syngas produced from the gasifier reacts with
the oxygen carriers (OCs) to form steam and CO2. The OCs leaving the
reduction reactor are subsequently introduced into the oxidation re-
actor, where they react with steam at a temperature range of
500–750 °C, generating H2 with unconverted steam. Therefore, pure H2

can be obtained by simply condensing the steam during this step, as-
suming complete condensation occurs. Afterward, the used OCs are
returned to their original state through oxidation in oxidation and
combustion reactors. The hot gases generated in each process are re-
covered by expanding them to generate power.

3. Methodology

3.1. Exergy recovery and process integration technologies

A high energy efficiency can be achieved in the system by per-
forming the combination of process integration and exergy recovery.
The basic idea of the approach is to utilize exergy recovery in each
process before being integrated with the other processes. This idea is
substantially different from that of conventional process integration, in
which less attention is paid to the quality of the recovered heat stream,
which results in smaller amounts of energy being recovered [15]. Fig. 2
shows the process of exergy recovery and the effort to elevate the ex-
ergy rate by compression and heat combination [2].

Through exergy rate elevation, a hot stream or exergy-elevated
stream can be created from its own process (process stream), and
therefore, the possibility of effective heat pairing is obtained. This
method can realize self-heat exchange and minimize exergy destruc-
tion.

Process integration is additionally employed to effectively combine
the involved modules, as well as efficiently utilize the heat that cannot
be recovered anymore from each single module to the other modules.
This leads to a more optimized system and a larger amount of heat that

Fig. 2. Exergy recovery principle: (a) exergy elevation of the stream and heat
coupling between the hot stream and process streams, (b) exergy rate elevation
through compression and heat combination [2].
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can be recovered. Hence, minimization of exergy destruction
throughout the integrated system can be achieved, resulting in excellent
total energy efficiency. This method has already been studied before
and could significantly reduce the exergy losses [19,24]. It has been
evaluated in many types of systems, such as power generation from
biomasses [16,17], fossil-based power generation [18,25], H2 produc-
tion [12,15], and combined integrated system [26].

3.2. Proposed integrated system

Fig. 3 shows the schematic process flow diagram of the developed
system, which combines SCWG and syngas chemical looping for BL. The
hot mixture of syngas and steam produced from the gasifier is super-
heated to increase its exergy rate to achieve a self-heat exchange, in
which this hot mixture becomes the heat source providing the heat
required for gasification. Consecutively, the mixture of syngas and
steam also flows to the preheaters to preheat both BL and water for
fluidization before being condensed for separating syngas from water.

The SCL process mainly comprises three main stages: reduction,
oxidation, and combustion. In the reducer, syngas is reacted with OCs
to form CO2 and steam. The OCs leaving the reduction stage are sub-
sequently introduced into the oxidizer and reacted with steam, gen-
erating H2 with unconverted steam. Therefore, pure H2 can be obtained
by simply condensing the steam during this step, assuming complete
condensation occurs. Afterward, the used OCs are returned to their
original state by combustion with air. The hot gas generated in each
process is recovered by expanding it to generate power.

3.3. General condition

In this study, Aspen Plus version 8.8 process simulator is used to
perform process modeling and thermodynamic simulations of the de-
veloped system. Considering the current average pulp production in an
actual industry, the BL flow rate entering the evaporation process is
fixed at 348.12 t h−1. For process modeling, a few assumptions are
made: (i) All the heat exchangers in the system have a minimum dif-
ference temperature of 10 °C; (ii) the atmospheric temperature is set to
25 °C; (iii) the blower and compressor have an adiabatic efficiency of
90%. Moreover, the air consists of N2 and O2 with fractions of 79 and
21mol.%, respectively. The BL used in the simulation has the compo-
sition described in [12].

3.4. Detailed process

Fig. 4 shows the detailed flow diagram of the proposed integrated
system for energy-efficient coproduction of power and H2 from BL. The
parameters used during SCWG are shown in Table 1. Because of its
excellent characteristics such as no requirement for drying and cap-
ability to produce H2-rich syngas, SCWG is considered as the main
process for conversion. Weak BL with a high moisture content is in-
itially fed to the SCWG reactor and water is pumped and utilized as the
reactant. It should be noted that the slurry (weak BL) is pumped to the
target pressure for SCWG (higher than 22MPa) before it is preheated
(HX1 and HX3) and flowed to the SCWG reactor.

A fluidized bed is adopted as the SCWG reactor due to its char-
acteristics such as ability to prevent plugging, high gasification effi-
ciency, and continuous syngas production with high conversion rate
[27]. Silica sand is inserted as fluidizing particles inside the reactor for
better heat transfer and temperature distribution across the reactor. In
addition, water is used as the fluidization medium, and it is fed from the
bottom of the bed. The pressure drop and the minimum bubbling ve-
locity across the fluidized bed are approximated with the following
formulas [28]:
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where L, ε, μ, and U are the fluidization height, voidage, viscosity, and
superficial fluid velocity, respectively. In addition, φ, d, and ρ represent
the sphericity, average diameter, and density of the used fluidizing
particles, respectively. Furthermore, the subscripts f and p represent the
fluidization medium and particle, respectively. The minimum bubbling
velocity, Umb, is calculated based on the study of Wei and Lu [28] for
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where Ar and g are the Archimedes number and acceleration due to
gravity, respectively.

In addition, heat exchanger tubes are installed inside the gasifier.
Under supercritical condition, the density of water and hydrogen bond
decreases significantly. As a result, water behaves as a non-polar sol-
vent; hence, the reaction can be conducted under homogeneous con-
dition [29].

In the ASPEN Plus process simulator, the gasification process and
superheating process are modelled using the RGibbs reactor along with
heat exchangers. The main goal of the simulation is to evaluate the
heating needed to support the SCWG process. The syngas output is
taken from another experimental study by Sricharoenchaikul [30]. The
overall exergy balance for the SCWG described here can be written as

+ + = + +E E W E E İ ̇ ̇ ̇ ̇ ̇BL water el gas wasteheat overall (5)

where EḂLand Eẇater are the exergy rates of the BL and fluidizing water,
respectively, Ẇelrepresents the electric power supply, Eġasis the exergy
rate of the produced gas, Eẇasteheat is the external exergy loss from the
condenser (unrecovered heat), and Iȯverall represents the overall internal
exergy loss in the system (irreversibility rate). Since SCWG is a com-
plicated process consisting of many chemical reactions, there are ba-
sically two main reactions during gas production [31] as follows:

+ − → + − +CH O H O CO y H(2 y) (2 0.5x)x y 2 2 2 (6)

+ − → + − +CH O H O CO y H(1 y) (2 0.5x)x y 2 2 (7)

where x and y are the H/C and O/C molar ratios of the processed BL,
respectively. Subsequently, the hot mixture of the produced syngas and
steam exhausted out from the top of the SCWG reactor is superheated
(HX5) to elevate its exergy rate before being returned back and utilized
as the heat source for subsequent SCWG and preheating. In the SCL
process, pure H2 and concentrated CO2 can be produced in two sepa-
rated reactors based on the cyclic reduction and oxidation processes.
The SCL process mainly consists of three interconnected reactors,
namely reducer, oxidizer, and combustor, as shown conceptually in
Fig. 5. In ASPEN Plus, these processes are modeled using the RStoic
reactor model.

Based on the pilot-scale SCL plant currently under operation [13], in

Fig. 3. Schematic diagram of SCWG of BL and syngas chemical looping for
coproducing power and H2.
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this study, the reducer and oxidizer use a counter-current moving bed
reactor, while an entrained bed is adopted for the combustor. For the
OCs, an iron-based material is used to facilitate multiple reactions
during the process. The solid mass fraction, which is employed in the
SCL process, is set to 70% Fe2O3, 15% SiC, and 15% Al2O3. Based on the
experimental investigation, the equilibrium gas concentration is also
considered during the calculations in this study [13].

A higher pressure leads to optimum gas-solid conversion and also a
smaller reactor size due to the higher kinetics condition [13,32]. A high
temperature of up to 900 °C is suggested to achieve the best perfor-
mance and better efficiency during the reduction process; therefore, the
syngas can be completely converted into CO2 and steam [13].

Moreover, the heat from the steam and the CO2 exhausted from the
reduction reactor are recovered for preheating the water (HX-8);
afterwards, it is expanded in EXP-1 to produce power. The reactions
that happen during the reduction process are as follows:

Fe2O3+H2→ 2FeO+H2O ΔH=38.4 kJmol−1 (8)

Fe2O3+CO→ 2FeO+CO2 ΔH=−2.8 kJmol−1 (9)

FeO+H2→ Fe+H2O ΔH=30.2 kJmol−1 (10)

FeO+CO→ Fe+CO2 ΔH=−11 kJmol−1 (11)

4Fe2O3+3CH4→ 8Fe+ 3CO2+6H2O ΔH=897.175 kJmol−1 (12)

For the oxidation process, the reduced OCs react with steam, gen-
erating H2, which flows out together with the excess steam. The stream
containing high-pressure steam and H2 exiting the oxidizer is utilized to
generate power through expansion in EXP-2. High purity H2 can be
obtained fully once the steam is condensed. The oxidation reactions are
as follows:

Fe+H2O (g)→ FeO+H2 (g) ΔH=−30.2 kJmol−1 (13)

3FeO+H2O (g)→ Fe3O4+H2 ΔH=−60.6 kJmol−1 (14)

The Fe3O4 generated in the oxidizer is reacted with O2 in the
combustor; therefore, it is recycled back into Fe2O3. A certain amount
of syngas is also added to the combustor and reacted with O2 to satisfy
the heat requirement during the SCL process. This reaction can provide
more heat to support the overall SCL process. Furthermore, the heat
brought by the hot exhaust gas from the combustor is used to elevate
the exergy rate of the air inlet stream, while the remaining energy (heat
and pressure) is recovered using the expander for power generation
(EXP-3). Notably, the pressure in the combustor is 0.2MPa higher than
that in both reducer and oxidizer, as suggested in other studies [2,19].
The reactions involved here are as follows:

4Fe3O4+O2→ 6Fe2O3 ΔH=−471.6 kJmol−1 (15)

2H2+O2→ 2H2O ΔH=−457 kJ mol−1 (16)

Fig. 4. Schematic diagram of the SCWG of BL, SCL, and power generation.

Table 1
Main conditions during SCWG [30].

Specification Value

Gasification temperature (°C) 375, 500, and 650
Pressure condition (MPa) 40
Type of gasification Supercritical water gasification
Flow rate of solid BL (t h−1) 50.4
Water content (%) 90

Fig. 5. . Conceptual diagram of SCL stage.
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The details of the conditions during the SCL stage are listed in
Table 2 below.

3.5. Performance evaluation

The calculation to evaluate the total efficiency of the proposed
system is shown in Eq. (17) below:

=

−

η
P P

Pnet
output internal

input (17)

where Poutput, Pinternal, and Pinput are the sum of the produced H2 and
power, power consumed by the system, and total energy input (BL
(MW) and external power), respectively. The internal power con-
sumption of the system include the power consumed for various func-
tions of the pump before the SCWG and the power consumed by the
compressors and pumps in SCL. In this study, the developed system is
examined under several conditions of SCWG and operating pressures of
the SCL reactors to evaluate the performance of the system in terms of
energy efficiency.

4. Results and discussion

4.1. Performance of different integrated systems

The performance comparison of different integrated systems for BL
utilization, in terms of the LHV-based efficiency, is listed in Table 3. The
integrated systems mostly adopt drying as the pretreatment for weak
BL. The drying or evaporation systems increase the solid content of BL
up to 70wt% wb or higher, before it is combusted or gasified. Among
the listed systems, the developed system, which combines the SCWG
and SCL processes, has the highest energy efficiency of 82% (LHV-
based), with 75% carbon capture. The combination of process in-
tegration and heat recovery can produce heat and H2 simultaneously, as
well as effectively separate the CO2 by reduction through SCL and
condensation. Since a small part of the syngas is also allocated for the
combustion process in SCL, complete CO2 capture cannot be achieved.
Furthermore, as supercritical conditions lead to a significant drop in the
water density and hydrogen bond, gasification can be conducted in
relatively lower temperatures, but with high energy efficiency. Another
advantage of the combination of SCWG and SCL processes is that the

produced syngas has a high pressure, thus avoiding further compres-
sion, which requires high energy.

A conventional BL recovery system generally utilizes a conventional
recovery boiler leading to a lower energy efficiency. After the MEE
process, BL having low water content is fed to the boiler for direct
combustion. The MEE process also uses the steam generated from this
combustion. Compared to conventional drying, MEE has higher effi-
ciency as it adopts several reactors, which results in higher cost for
installation. In addition, the system also results in a relatively high
energy loss as it employs a conventional back-pressure/extraction
steam turbine cycle. In contrast, a higher energy efficiency of 24%,
about double that of the conventional system, can be achieved by
adopting BLGCC. In addition, the syngas combustion can produce a
larger amount of electricity through the gas turbine. Furthermore, the
still-high temperature exhaust gas from the gas turbine can be utilized
to produce steam having high pressure and temperature, which will be
expanded in the back-pressure steam turbine cogeneration system.

MEE+BLGCC with CO2 capture potentially consumes larger
amounts of energy to separate CO2, resulting in a lower efficiency of
22.4%. The next system, conventional H2 production, employs the
water-gas shift reaction to generate H2 and CO2. However, similar to
MEE, this water-gas shift process also consumes a very large amount of
energy. The systems in which MEE is adopted generally consume a large
amount of power for the auxiliaries and a large amount of heat for
steam production.

The integrated system comprising drying, gasification, and SCL
process has a relatively high total LHV-based energy efficiency, which is
about 69%. By adopting exergy recovery and process integration, the
combined system can yield a high efficiency for H2 and power co-pro-
duction. The CO2 separation can also be performed during the SCL
process, thereby avoiding additional energy penalty for CO2 separation.
Unfortunately, additional cost and power are required for the drying
process prior to gasification, which is performed to remove the high
water content in the BL.

4.2. Performance of proposed system

The effect of gasification temperature on the gas produced during
the SCWG process and the total H2 produced is shown in Fig. 6. The
result shows that the SCWG conducted at 650 °C resulted in the highest
H2 production, which is 4.13 t h−1. Increasing the SCWG temperature
generally results in increased H2 production during the SCL process. In
addition, although the H2 mass concentration of the gas produced
during gasification is lower at a higher gasification temperature, the
amount of H2 is still higher than that at a lower temperature. After
gasification, CO, CH4, and C2H6 are oxidized, thus producing CO2,
while the OCs are reduced to Fe and FeO. Therefore, a higher calorific
value of the syngas produced from gasification is beneficial in terms of
the total energy efficiency.

Since the syngas composition is assumed based on a lab scale ex-
perimental study, it is important to clarify that a pilot scale experiment
is needed to verify it in a real application. In addition to clarifying the
gas output during SCWG, the pilot-scale research can also observe the
fluidization behavior under high pressure, such as the pressure drop
and the minimum bubbling velocity across the fluidized bed reactor.

The effects of temperature during SCWG on the SCL performance
such as the amount of H2 generated, amount of CO2 captured, and
overall system efficiency are shown in Fig. 7. The system efficiency is
considerably increased at higher temperature. The result shows that the
SCWG conducted at 650 °C resulted in the highest system efficiency,
which is about 80%. The amount of CO2 captured increased from about
11 t h−1 to 28.35 t h−1 when the SCWG temperature was shifted from
375 to 650 °C. The CO2 captured corresponds to the CO2 capture effi-
ciency of 75%. The remaining CO2 is released to the environment
during syngas combustion in the combustor to provide the required
heat during the SCL process.

Table 2
Assumed operating conditions during SCL process.

Parameters Value

Minimum temperature during reduction (°C) 900
Minimum temperature during oxidation (°C) 820
Minimum combustion temperature (°C) 1100
Pressure condition (MPa) 2–3.5
Isentropic efficiency of compressors (%) 90
Efficiency of pumps (%) 90
Mass fraction of solid material 70% Fe2O3, 15% Al2O3, 15% SiC
Oxidation and reduction reactor Counter-current moving bed
Combustion reactor Entrained bed

Table 3
Performance comparison of several combined systems for BL utilization.

H2

(%
LHV)

CO2

capture
(%)

Net
power
(%LHV)

Efficiency
(%LHV)

MEE+Conventional recovery boiler – – 9–14 9–14
MEE+BLGCC – – 24 24
MEE+BLGCC with CO2 capture – 90 22.4 22.4
MEE+ conventional H2 production 37.5 90 – 37.5
Drying+Gasification+ SCL process 64.4 99.99 4.7 69.1
SCWG+SCL process 87% 75 – 82%
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Fig. 8 shows the performance of the developed system under dif-
ferent SCL pressures. In order to clearly evaluate the impact of the SCL
operating pressure, the flow rate of metal (Fe2O3+ inert) in the SCL
process, temperature, and gasification pressure are kept constant at
80 kg/s, 650 °C, and 40MPa, respectively. It is found that there is no
significant change in the total net energy efficiency under different SCL
operating pressures. However, the net power decreases slightly fol-
lowing the increase in SCL pressure, due to the higher power consumed
by the compressors and pumps during the SCL process.

During further investigation of the continuous system, it is im-
portant to consider some factors that can affect the overall efficiency in
order to avoid misleading results. The operational difficulty of moving
solids is not discussed in detail in this research. Since the handling of
solids is a cumbersome process, it becomes crucial to investigate pos-
sible energy losses that occur during a continuous process.

5. Conclusion

A combined system for converting BL to H2 has been developed

Fig. 6. . The effect of temperature during SCWG on the mass concentration of the produced gas and the H2 generated during SCL.

Fig. 7. . Correlation of temperature during gasification with SCL performance.

Fig. 8. . Impacts of SCL operating pressure on the system performance.
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using energy-recovery and process integration technologies. The de-
veloped system, which mainly consists of the SCWG and SCL processes,
can achieve a very high total net energy efficiency of about 80%.
Compared to other recovery systems for BL, the developed system ap-
pears very promising. In the developed system, it is not necessary to
remove the water content beforehand. In addition, 75% of the con-
centrated CO2 stream can be directly condensed after the oxidation
process in the SCL stage, thus avoiding the energy requirements for CO2

separation. The combination of the SCWG and SCL processes, with
additional adoption of the exergy-recovery and process integration
technologies, leads to a highly-efficient and environmentally-clean BL
utilization system.
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