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ABSTRACT

Supercritical water oxidation (SCWO) is a new and promising technology for treating organic
waste and recovering energy. High energy consumption is a major problem preventing its
commercial application. Energy recovery is the most effective method for reducing energy
consumption of an SCWO system. To maximize the energy recovery of the SCWO pilot plant
with a transpiring wall reactor, the reactor effluent is used to preheat both feed and transpir-
ing water and produce hot water. An experimental study was conducted to investigate the
influence of the operating parameters on energy consumption per unit total organic carbon
(TOC) removal (ECPT) for saving the energy of the system. Results show that the effect of
feed concentration on ECPT is the most significant and that of high feed concentrations,
result in lower ECPT. Lower ECPT is also present at high feed flow rates, but at the expense
of the decrease of TOC removal efficiency when the feed flow rate exceeds 14 kg/h.

Keywords: Supercritical water oxidation; Transpiring wall reactor; Energy recovery; Hot
water; Energy consumption per unit TOC removal

1. Introduction

Supercritical water oxidation (SCWO) is a new and
promising technology for treating organic waste and
recovering energy [1]. It usually operates above the
critical point of water (PC= 22.1MPa, TC= 374.3�C),
using oxygen or other oxidants to make organic com-
pounds combust. The thermo-physical properties of
supercritical water are quite different from those at
ambient conditions, and its solvent and reaction char-

acteristics drastically change [2]. Supercritical water is
a good solvent for nonpolar organic compounds and
gases such as oxygen, nitrogen, or carbon dioxide [3].
In a single-phase mixture of organic compounds and
oxygen in supercritical water, mass transfer resis-
tances are absent [4]. A residence time of only a few
seconds or one minute is required to destroy the
organic compounds and ensure a fast reaction rate
[5,6]. The oxidation reaction does not result in any
SO2 and NOX byproduct because of its lower reaction
temperature compared with incineration [7].
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The superiority of SCWO is undeniable, and some
devices have been designed for industrial applications
[8–10]. However, some technical problems still exist,
such as corrosion, salt plugging, and high investment
cost, which constrain its commercialization [11,12].
The transpiring wall reactor is a promising solution to
solve the problems of corrosion and salt plugging by
fluid dynamic means [9,13,14]. This reactor concept
includes a dual shell consisting of an outer pressure-
resistant vessel and an inner porous vessel. Transpir-
ing water at subcritical temperature passes through
the porous pipe to form a film or at least a driving
force directed to the center of the inner reactor. The
transpiring effect can avoid solids or precipitated salts
from sticking to the inner surface of the porous tube,
thereby improving corrosion resistance [9].

Pressurization and heating are the essential steps
in the SCWO process, and energy requirement is con-
siderably high [15]. Energy recovery from the effluent
is the leading method for reducing energy consump-
tion, hence reducing operational cost.

Autothermal operation is a great concern in the
SCWO process. The minimal heating value of feed
stream required for SCWO without any electric heat-
ing was determined by theoretical calculation [15] or
process simulation [16,17]. Power generation is
another solution for energy recovery. The direct
power generation of stream from the reactor has been
visualized by Bermejo et al. [18]. The presence of par-
ticles will lead to the significant reduction of a stream
turbine’s lifetime. However, the idea of Bermejo may
depend on a gas–solid separator at 650�C and 25MPa
which does not exist nowadays for technical reasons.
Better solutions for power generating would be the
use of an auxiliary fluid [16,19,20]. Although, work
may determine energy self-sufficiency in theory, they
also concluded that the power generation efficiency is
usually too low. Furthermore, we should note that the
addition of a set of power plant equipments will
greatly increase the investment cost; therefore, power
generation for energy recovery appears less realistic.

In a transpiring wall SCWO system, large amounts
of transpiring water at a certain temperature (usually
below 374�C) will be injected into the reactor to pro-
tect the transpiring wall [21,22]. Additional energy
will, thus, be consumed compared with the traditional
SCWO system. However, the outflow temperature of
a transpiring wall reactor is usually below the critical
value of water [23,24]. Given that the appropriate
temperature of a reactor effluent for autothermal or
electricity generation is 450 to �650�C, other solutions
for maximum energy recovery such as producing hot
water [8,25,26], can be considered as an alternative in
the transpiring wall SCWO system.

In the present paper, experiments were conducted
on a transpiring wall SCWO pilot plant equipped with
an energy recovery system using methanol solution as
artificial wastewater. We provide an alternative to
maximize the energy recovery in transpiring wall
SCWO pilot plant; the reactor effluent was used to
preheat both feed and transpiring water, and produce
hot water. The energy consumption of the new pro-
cess is estimated by energy consumption per unit
TOC removal (ECPT). The influence of the operating
parameters (feed concentration, feed temperature, feed
flow rate, transpiration intensity, and the temperature
of the upper branch of transpiring water) on TOC
removal efficiency and ECPT was investigated to find
out the appropriate operating parameters for the pilot
plant.

2. Experiment

2.1. Experimental setup

The diagram of the SCWO pilot plant with a
transpiring wall reactor in Shandong University is
presented in Fig. 1. Five streams are introduced into
the reactor. The feed stream is pressurized by an air
driven liquid pump (Haskel, model DSTV-60), that
supplies flow at 0.5–25 kg/h. The oxygen stream is
pressurized by an air driven gas pump (Haskel,
model AGT-15/75) that supplies flow at 0.05–4 kg/h.
The transpiring water (tw) stream is pressurized by
an air driven liquid pump (Haskel, model ASF-60)
that supplies flow at 0–100 kg/h, which is then
divided into three branches by three mass flow
control valves (SLPMMV26V): the upper branch of
transpiring water (tw1), the middle branch of transpir-
ing water (tw2), and the lower branch of transpiring
water (tw3). The liquid pumps and the gas pump are
driven by a screw air compressor with a flow rate of
2m3/min and an outlet pressure of 0.8MPa. The flow
rates of all the streams are adjusted manually by flow
control valves (SLPMMV26V) and are measured by
Coriolis-type mass flow meters (accuracy: ±1%). The
pressure of all the streams is adjusted by pressure
reducing valves (TESCOM, 44–1100 Series) and mea-
sured by pressure gauges and pressure transducers
(0–40MPa, accuracy: ±0.5%). Feed, the upper branch
of transpiring water, and the middle branch of tran-
spiring water are heated to desired temperatures by
electric heater 1(e1), electric heater 2(e2), and electric
heater 3(e3), respectively. Oxygen and the lower
branch of transpiring water (tw3) pass through the
reactor without being preheated.

The outer vessel of the transpiring wall reactor is
made of stainless steel 321, with inner and outer
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diameters of 80 and 114mm, respectively. The inner
porous tube is made of porous sintered stainless steel
316L, with inner and outer diameters of 55 and
60mm, respectively. The transpiring wall reactor has

an effective reaction volume of about 1.8 L. Pore size
and porosity of the porous tube are 20.8lm and
42.7%, respectively. The transpiring wall is divided
into three zones using two retaining rings. More
details of the reactor are shown in Fig. 2.

Three tubular countercurrent heat exchangers
are arranged at the pilot plant to reduce energy
consumption. The reactor effluent is initially split
into two streams by two mass flow control valves
(10VRMM2812): one is used to preheat feed stream in
heat exchanger 1 (h1) and the other is used to preheat
transpiring water in heat exchanger 2 (h2). The
remaining energy can be recovered by heat exchanger
3 (h3) to supply hot water externally. The three heat
exchangers have same configuration, but the lengths
are different: 30m for h1 and h2 and 20m for h3. The
central tube of the heat exchanger has internal and
external diameters of 5 and 10mm, respectively. The
outer tube has internal and external diameters of 13
and 19mm, respectively.

The pressure of the effluent after being cooled by
heat exchangers will be reduced to ambient pressure
by a back pressure valve (TESCOM, 26–1700 Series,
accuracy: ±1%). Finally, the water–gas mixture will be
introduced into a gas–liquid separator, and samples

Fig. 1. The diagram of the SCWO pilot plant with a transpiring wall reactor in Shandong University (“numerics” indicate
stream numbers).

Fig. 2. The scheme of the transpiring wall reactor.
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will be collected and analyzed. The devices and the
pipes of the pilot plant are covered with thermal
insulation layer to minimize the heat loss. Process
data are monitored and recorded using data acquisi-
tion software in a computer. Further details about the
pilot plant can be found elsewhere [27].

2.2. Material and analytical method

Oxygen (purity > 99.9%) was used as oxidant in
the experiment. Desalinated water was used as tran-
spiring water, with its electric conductivity less than
10ls. Desalinated water-methanol (purity > 99.9%)
mixture was used as artificial wastewater which is
called “feed” in this paper. The liquid samples were
collected every 10min for analysis, when the system
pressure, the mass flow, and temperature of all
steams and the reaction temperature inside the reac-
tor were stable, and then it would be analyzed by a
TOC 5000A shimadzu total organics carbon ana-
lyzer. The temperatures of each stream were mea-
sured by PT100 resistance thermometers (�200 to
500�C, accuracy: ±0.5%). Energy consumption of air
compressor and electric heaters was recorded by
power meters.

3. Parameters definition

3.1. Transpiration intensity

The mass flow of transpiring water was fixed
using a transpiration intensity R defined as follows
[28]:

R ¼ ðFtw1 þ Ftw2 þ Ftw3Þ=ðAtw1 þ Atw2 þ Atw3Þ
ðFw þ FoxÞ=Ab

ð1Þ

where Ftw1, Ftw2, and Ftw3 are the mass flow of tw1,
tw2, and tw3, respectively; Fox and Fw are the mass
flow rate of oxygen and feed, respectively; Ab is the
inner circular area. Atw1, Atw2, and Atw3 are the inner
shell surfaces of the three transpiring zones, respec-
tively. The same transpiring intensities of the three
transpiring zones are set in the experiments.

3.2. TOC removal efficiency

TOC removal efficiency (X) is defined as the mass
of total organic carbon eliminated by the total organic
carbon introduced into the reactor in Eq. (2). TOCin

and TOCout symbolize the inlet and outlet concentra-
tion of TOC at stable condition, respectively [29].

X ¼ Fw TOCin � ðFw þ Ftw1 þ Ftw2 þ Ftw3Þ TOCout

Fw TOCin

ð2Þ

3.3. Energy consumption

ECPT can be defined in Eq. (3).

ECPT ¼ Qc þQe1 þQe2 þQe3 �Qh3

Fw TOCin

ð3Þ

Qc is the energy consumed by air compressor. Qe1,
Qe2, and Qe3 are the energy consumed by e1, e2, and
e3, respectively. Qh3 is the energy recovered by h3.
From the definition of ECPT, it is a parameter which
is based on the energy consumption of the system and
TOC removal efficiency. In the transpiring wall SCWO
system, the energy input includes electric energy con-
sumed by air compressor (Qc) and three electric heat-
ers (Qe1, Qe2, and Qe3). The reaction heat of methanol
(Qr) based on complete oxidation can be calculated by
Hess’ law shown as follows:

CH4Oþ 1:5O2 ¼ CO2 þ 2H2O ð4Þ

qr ¼ 1

M
ððDH0

f ÞCO2
þ 2ðDH0

f ÞH2O

� ðDH0
f ÞCH4O

� 3=2ðDH0
f ÞO2

Þ ð5Þ

Qr ¼ FwxqrX ð6Þ

Taking into consideration that SCWO is a wastewater
treatment technology, Qr is costless, and therefore
should be excluded from the energy consumption of
the system.

There are three heat exchangers for recovering
energy in the pilot plant. Energy recovered by h1
(Qh1) and h2 (Qh2) are used for internal consumption
to preheat feed and transpiring water, thus reducing
energy consumption of e1 and e2. The energy recov-
ered by h3 (Qh3) will be used to supply hot water
externally, which can partially offset the energy con-
sumption of the system. Energy recovery by heat
exchanger is calculated by the enthalpy gain of cold
stream, which is dependent on pressure (can be con-
sidered as constant), temperature, and composition of
stream. The energy recovered by heat exchangers can
be calculated as follows:

Qh1 ¼ Fwðh5 � h4Þ ð7Þ
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Qh2 ¼ Ftw1ðh10 � h9Þ ð8Þ

Qh3 ¼ Fcwðh23 � h22Þ ð9Þ

4. Results and discussion

4.1. The effect of operating parameters on energy
consumption

In this section, the effect of operating parameters
including feed concentration, feed temperature, feed
flow, transpiration intensity, and the temperature of
the upper branch of transpiring water, on ECPT was
analyzed. The operating conditions and some results
are shown in Table 1. t1–t24 are the stream tempera-
tures shown in Fig. 1.

4.1.1. Feed concentration

The operating conditions and results of the effect
of feed concentration on ECPT are listed in Table 1
(experiments: A1–A4) with other operating parame-
ters. Higher feed concentrations which correspond to

higher reaction temperatures and fast reaction rate are
favorable to the degradation of feed [30,31], thus
higher TOC removal efficiencies are present at higher
feed concentrations (Fig. 3(c)). The heat released by
SCWO of feed increases linearly with feed concentra-
tion as shown in Eqs. (4–6). Qr increased from 1.29 to
5.16 kW when feed concentration was increased from
2 to 8wt.% (Fig. 3(a)). Therefore, higher outlet temper-
atures (t15) of the reactor are present at higher feed
concentrations.

Qh1, Qh2, and Qh3 increase when feed concentra-
tion is increased; hence, Qe1 and Qe2 (Fig. 3(a))
decrease. When feed concentration is increased from 2
to 8wt.%, the total energy recovery of heat exchangers
continuously increases from 10.89 to 12.83 kW (Fig. 3
(b)), and the total energy consumption of the three
electric heaters decreases from 15.93 to 14.87 kW. The
total energy consumption of the system decreases and
the total TOC removal increases, when feed concentra-
tion is increased. Therefore, ECPT is continuously
reduced from 180.16 to 56.62 kW/kg (Fig. 3(c)).

Although, lower ECPT is present at high feed con-
centrations, high reaction temperatures appears at
high feed concentrations, which may lead to overheat-

Fig. 3. The effect of feed concentration on ECPT: (a) energy input, (b) energy recovery, (c) ECPT and TOC removal.
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ing the reactor [23,32]. A material with higher temper-
ature-resistant performance is required for the reactor,
which increases the investment cost of the system.
Moreover, SCWO may be more expensive than other
wastewater treatment at higher feed concentrations,
such as incineration [12,26].

4.1.2. Feed temperature

The operating conditions and results of the effect
of feed temperature on ECPT are listed in Table 1
(experiments B1–B4). Feed temperature is a key
parameter for the initiation of an SCWO reaction
[30,33]. The SCWO reaction did not initiate until the
feed temperature was raised to 369�C at correspond-
ing operating condition. Qe1 increases when feed tem-
perature is increased and large increase are present
from 369 to 400�C (Fig. 4(a)). Feed temperature has lit-
tle influence on energy input and energy recovery
when feed temperature is above 400�C (Fig. 4(a) and
(b)). This can be explained by the specific enthalpy of
water with a sharp gradient near the critical point as
shown in Fig. 5. The enthalpy growth rate from 0 to
360�C is 4.75 kJ/(kg�C), but rises to 24.45 kJ/(kg �C)

from 360 to 400�C, and declines to about 4.5 kJ/(kg �C)
when temperature is above 400�C; therefore, more
energy is needed when water is preheated from sub-
critical temperature to supercritical temperature.
Results show the minor influence of feed temperature

Fig. 4. The effect of feed temperature on ECPT: (a) energy input, (b) energy recovery, (c) ECPT and TOC removal.

Fig. 5. The variation of the specific enthalpy of water with
temperature at p= 23MPa.
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on TOC removal efficiency and ECPT (Fig. 4(c)). Feed
temperature is usually chosen to be as low as possible
on the premise of the initiation of SCWO reaction.

4.1.3. Feed flow rate

The operating conditions and results of the effect
of feed flow rate on ECPT are listed in Table 1 (exper-
iments C1–C4). When feed flow rate is increased, the
flow rates of oxygen and transpiring water increase in
proportion; hence, Qc, Qr, and Qe3 increase (Fig. 6(a)).
The outlet flow rate (Fh1 + Fh2) and temperature (t15) of
the reactor significantly increase when feed flow is
increased. The ratio of Fh1 and Fh2 is normally kept at
1.3–1.4, therefore, Fh1 and Fh2 will also increase with
the increase of feed flow rate. For h1 and h2, the heat
transfer coefficient of the inner and outer surface of
the center tube will greatly increase because of the
increase of velocity of streams in both center tube and
outer tube [15,34]. Total energy recovery of heat
exchangers increases from 5.51 kW at 8 kg/h to
18.20 kW at 17 kg/h (Fig. 6(b)). Qe2 decreases but Qe1

increases because more energy is required to preheat

feed to a supercritical temperature as illustrated in
Fig. 5. The increase of feed flow benefits the decrease
of ECPT, which declines from 79.11 kW/kg at 8 kg/h
to 41.15 kW/kg at 17 kg/h (Fig. 6(c)).

The feed flow rate represents the throughput of
the reactor, thus higher feed flows are proposed. TOC
removal efficiency is reduced from 99.61% at 14 kg/h
to 93.73% at 17 kg/h (Fig. 6(c)) for the decline of use-
ful residence time (URT) [27]. Therefore, high feed
flow rates oppose the degradation of feed because of
the significantly declines of useful resident time [34].
Feed flow rate should thus be increased as much as
possible based on high TOC removal efficiency.

4.1.4. Transpiration intensity

The operating conditions and results of the effect of
transpiration intensity on energy consumption are
listed in Table 1 (experiments D1–D5). For a fixed feed
flow rate, the flow rate of transpiring water will
increase when the transpiration intensity increases.
Although, the outlet flow rates of the reactor (Fh1 + Fh2)

Fig. 6. The effect of feed flow rate on ECPT: (a) energy input, (b) energy recovery, (c) ECPT and TOC removal.
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are higher, the outlet temperatures (t15) are much
lower at higher transpiration intensities because of the
cooling of the transpiring water. Although the TOC
removal efficiency can exceed 99% at transpiration
intensity of 0.04–0.08 (Fig. 7(c)), higher transpiration
intensities will decrease the energy grades of the
reactor effluent.

Although both Fh1 and Fh2 increased, energy
recovery for h1 is decreased due to lower inlet
temperatures of hot stream at higher transpiration
intensities (Fig. 7(b)). Energy recovery for h2 and h3
increases rapidly because of the velocity increase of
hot stream. Although the total energy recovery of heat
exchangers increases, its increment is usually lower
than the total energy consumption of three electric
heaters and air compressor (Fig. 7(a)). ECPT increased
from 54.03 kW/kg at R= 0.04–63.60 kW/kg at R= 0.08
(Fig. 7(c)). On the other hand, higher transpiring
intensity can provide more cooling water and higher
velocities on the inner surface of the porous wall
which are favorable to anticorrosion and salt plugging
performance of the reactor [23,28,29]. Thus, the proper
transpiration intensity should be a compromise

between ECPT and the anticorrosion and salt plug-
ging performance of the reactor.

4.1.5. The temperature of the upper branch of transpir-
ing water

The operating conditions and results of the effect
of tw1 on ECPT are listed in Table 1 (experiments
E1–E4). The outlet temperatures are higher at higher
tw1 temperatures. Energy recovery of three heat
exchangers increases when tw1 temperature increases,
resulting in Qe1 declining but Qe2 increasing (Fig. 8(a)
and (b)). ECPT increases from 56.87 kW at 195�C to
70.53 kW at 340�C (Fig. 8(c)).

The temperature of tw1 has a direct effect on the
reaction zone [28,35], and TOC removal efficiency is
compromised at lower temperatures. The experimen-
tal results show more than 99% TOC removal effi-
ciency which is achieved at the temperature above
285�C. Moreover, the temperature of tw1 is the most
important factor to form the “subcritical water film”
that protects the reactor [28,35,36]. A comprehensive
consideration of the formation of “subcritical water

Fig. 7. The effect of transpiration intensity on ECPT: (a) energy input, (b) energy recovery, (c) ECPT and TOC removal.
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film,” TOC removal efficiency and ECPT should be
conducted to select the proper temperature of tw1.

4.2. Hot water production

A constant mass flow of cooling water at 90 kg/h
is set at all experiments to ensure the reactor effluent
is cooled to approximately 80�C (maximal operating
temperature of the back pressure valve). Hot water
between 40 and 75�C was produced in the pilot plant
as shown in Table 1. According to the standard of hot
water for residents in China, the appropriate
temperature of hot water is about 60–70�C, so the
mass flow of cooling water can be adjusted to match
the standard.

5. Conclusion

Energy self-sufficiency is usually difficult to realize
in a transpiring wall SCWO system because of the
lower temperatures of reactor effluent. An alternative
to maximize the energy recovery in transpiring wall

SCWO pilot plant was provided. To gain the maxi-
mum energy recovery, the effluent from the reactor in
the pilot plant is not only used to preheat feed and
transpiring water, but also to supply hot water as
well. The new process was estimated by ECPT.

Results show that the effect of feed concentration
on ECPT is the most significant, and that of higher
feed concentrations, results in lower ECPT. Lower
ECPT is present at higher feed flow rates, but this is
at the expense of the decrease of TOC removal
efficiency when feed flow rate exceeds 14 kg/h.
The feed temperature has minor influence on ECPT.
The thermal energy grade is decreased at higher
transpiration intensities, which result in higher ECPT.
Lower temperatures of tw1 are proposed to reduce
ECPT and form the subcritical “water film.”

The investigation of the influence of operating
parameters on ECPT provided optimized operating
parameters for energy saving which has never been
mentioned in previous studies. The finding from the
present study can also guide the improvement direc-
tion for transpiring wall SCWO systems.

Fig. 8. The effect of the temperature of tw1 on ECPT: (a) energy input, (b) energy recovery, (c) ECPT and TOC removal.
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