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Energy recovery from organic matter in municipal
wastewater using a two-stage system with high-
rate contact stabilization and activated sludge
processes under seasonal water temperature
variations

Kensuke Sakurai, * Yuji Okayasu† and Chika Abe

To maximize energy recovery in municipal wastewater treatment plants, the high-rate contact stabilization

and activated sludge (HiCS–AS) process—consisting of a two-stage sequencing batch reactor—represents

a promising technology for the efficient recovery of organic matter from wastewater as sludge that can be

readily converted to methane. The HiCS–AS process was studied under practical conditions using actual

wastewater to determine the effect of seasonal water temperature fluctuations (15.9–26.5 °C) in the

reaction tank on the methane gas production of sludge recovered from the entire system, compared with

the simple activated sludge (SAS) process. The methane recovery rates were in the ranges of 0.13–0.17 g

COD CH4 per g COD (produced methane as g COD per g COD of influent) for the HiCS–AS process and

0.08–0.15 g COD CH4 per g COD for the SAS process across all periods, with the HiCS–AS process

consistently having higher methane recovery rates. Methane production from HiCS sludge ranged from

0.41 to 0.45 NL CH4 per g volatile solid (VS), surpassing the range of 0.27–0.28 NL CH4 per g VS for the

SAS sludge across all periods. Furthermore, the quality of the effluent was verified, and the concentration

of residual organic matter in the effluent of the HiCS–AS process was equivalent to that of the SAS process.

Introduction

Sewerage systems are crucial for improving public health by
facilitating the drainage of domestic wastewater and
stormwater and preserving the quality of public waters. As of
2014, the electricity consumption associated with wastewater
drainage and treatment accounted for 1% of global electricity
usage, a figure expected to rise in the future.1 Consequently,
reducing net energy consumption in the wastewater sector is
a pressing necessity to combat global warming. At wastewater
treatment plants (WWTPs), organic matter collected through
sewage networks is processed, with a portion being diverted
to excess sludge. This sludge then generates methane gas via

anaerobic digestion, enabling WWTPs to offset their energy
consumption by producing electricity.2,3 However, the widely
used activated sludge (AS) process often falls short in
maximizing organic matter recovery as excess sludge, as
much of the organic matter is oxidized while remaining in
the system. To enhance the sludge recovery rate—the
proportion of organic matter recovered as excess sludge in
influent organics—the high-rate AS (HRAS) process employs
a relatively short solids retention time (SRT) of less than two
days in full-scale WWTPs.4

An innovative approach to improving sludge recovery is
the high-rate contact stabilization (HiCS) process, an
advancement over the HRAS process.5 The HiCS process
operates with sequencing batch reactor (SBR) and continuous
flow reactor configurations, incorporating stabilization,
contact, and sedimentation stages. In the stabilization stage,
returned sludge is aerated, and this aerated sludge
subsequently interacts with the influent in the contact stage.
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Water impact

Reducing substantial energy consumption for sustainability is an urgent issue in the field of urban wastewater management. In this study, a new
technology using a high-rate contact stabilization process for wastewater treatment demonstrated superior energy recovery compared to existing processes,
even while taking seasonal variations into account. The results provide essential knowledge for the practical application of the technology.
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Carbon redirection and carbon harvesting are two
important mechanisms for the recovery of organic matter.6

The HiCS process achieves high sludge redirection rates even
in primary treated wastewater with low particulate organic
matter content, such as the effluent from primary
sedimentation tanks (PSTs) and chemically enhanced
primary treatment (CEPT), owing to enhanced biological
flocculation.7,8 Although PSTs require a large site area, their
use remains a relatively energy-efficient process that
minimally oxidizes organics while discharging them as
primary sludge.9 Implementing the HiCS process subsequent
to PSTs has been calculated to be more energy efficient than
the HRAS process.10

In general, high sludge recovery rates require high carbon
harvesting rates. The carbon harvesting rate represents the
proportion of the recovered excess sludge in the sludge
discharged from the HiCS process. Poor sedimentation is a
key factor inhibiting sludge recovery.6 Given the importance
of efficient solid–liquid separation for achieving high carbon
harvest rates, the SBR configuration was adopted; this is
because, in contrast to continuous flow systems, SBR
configurations avoid inflow and outflow, which can interfere
with sedimentation.11,12

In temperate regions such as Japan, California in the U.S.,
Greece, and Jordan, influent wastewater temperatures in
WWTPs typically fluctuate between 15 °C and 25 °C.13 The
impact of seasonal water temperature fluctuations on organic
matter recovery in the HiCS process is an area where
knowledge remains insufficient, presenting a significant
challenge for practical application. Similarly, the HRAS
process encounters these challenges, as noted by the review
of Guthi et al.4

Due to the relatively high concentration of residual
organic matter in the effluent from the HiCS process,
additional post-treatment stages may be required to achieve
water quality comparable to that of a conventional
wastewater treatment process. In this study, the AS process
was utilized as a later-stage treatment in a two-stage SBR
configuration, referred to as the HiCS–AS process, assuming
that it would be implemented in a WWTP without any
discharge standards for nutrients.

In WWTPs, the methane production rate of recovered
sludge is as crucial as the sludge recovery rate for evaluating
energy recovery efficiency. Nevertheless, research reports on
this topic remain scarce. Meerburg et al.5 observed that the
methane production rate of HiCS sludge was significantly
higher than that of AS sludge. Song et al.14 reported
enhanced methane production rates in HiCS sludge treated
with synthetic wastewater compared to HRAS and AS sludge.
However, these studies primarily focused on untreated
wastewater, not primary effluent. Since the sludge from the
HRAS process fed with untreated wastewater contains a
substantial amount of settleable organic matter equivalent to
primary sludge, the methane generation rates are likely to
differ from those in sludge produced from the HiCS process
fed with primary effluent. Methane production rates in the

HiCS process for primary effluent remain poorly understood,
highlighting a gap that could be explored for future
applications in full-scale WWTPs.

Reportedly, applying the SBR-based HiCS process to PST
effluent and coupling it with an SBR-based AS process for
post-treatment appear promising to maximize energy recovery
while simultaneously achieving optimal effluent quality.
However, aside from the limited understanding of the sludge
recovery and methane conversion rates of the HiCS unit
processes, there is a paucity of knowledge regarding methane
recovery rates and treated water quality by the HiCS–AS
process as a whole. Moreover, the effect of seasonal water
temperature changes on methane recovery, crucial for the
full-scale implementation of this process, remains
understudied. This study aims to assess the efficacy of the
HiCS–AS process concerning overall energy recovery and the
effluent quality, as well as the impact of water temperature
fluctuations, in comparison with the simple AS (SAS) process
in a practical setting utilizing actual wastewater. This
investigation involved operating a bench-scale pilot plant
installed at a full-scale municipal WWTP and measuring the
methane recovery rate, quantified by the sludge recovery rate
and the methane conversion rate, and the effluent quality,
during three different periods throughout the year and with
different reactor water temperatures.

Materials and methods
Test apparatus description

In this study, a two-stage system comprising a HiCS process
and an AS process, referred to as the HiCS–AS process, was
examined. Each process was operated using an SBR
configuration. For comparative analysis, a SAS process,
defined as a one-stage AS process in an SBR configuration,
was concurrently operated in parallel with the HiCS–AS
process as shown in Fig. 1. The test apparatus, consisting of
the HiCS, AS, and SAS processes, was housed within a
municipal WWTP. The grit chamber effluent from the
municipal WWTP was continuously treated by a PST at a
surface overflow rate of 25 m3 m−2 d−1, slightly below the
typical rate of 30–50 m3 m−2 d−1.13 The operating cycles for
each process are detailed later in this section. During the
lowest water temperature period, the reactor was placed in a
16 °C water bath to minimize heat loss from the water in the
reactor due to the large temperature difference between the
air and water. The flow rates of influent, wasted sludge and

Fig. 1 Process flow diagram of (a) HiCS–AS and (b) SAS processes.
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effluent, and the reaction volume for each process are
provided in Table 1. All processes maintained a volume
exchange ratio of 50%. In the HiCS process, sludge was not
initially inoculated. The initial sludge inoculum for the AS
and SAS processes was collected from the other lab-scale
bioreactor treating the same municipal wastewater.

HiCS process. The HiCS process operated with a 120 min
cycle, comprising a 20 min contact phase, a 50 min
sedimentation phase, a 10 min decantation phase, and a 40
min stabilization phase. During the first half of the contact
phase, PST effluent was introduced into the system. The
contact phase, a distinctive feature of the HiCS process,
involved stirring with a propeller-type agitator at 200 rpm to
prevent sludge settling and enhance the interaction between
HiCS sludge and organic matter. The airflow rate for the
HiCS process was adjusted to reach dissolved oxygen (DO)
levels below 0.5 mg L−1 during the first half of the contact
phase, based on the optimal conditions for bioflocculation
identified by Meerburg et al.5 During the stabilization phase,
sludge from the previous cycle was aerated in the reaction
tank. Excess sludge was then withdrawn within the first 3
min of the stabilization phase.

AS process. The AS process served as a post-treatment step
for the HiCS effluent. Each operating cycle of the AS process
lasted 240 min, comprising a 180 min aeration phase, a 50
min sedimentation phase, and a 10 min decantation phase.
The HiCS effluent was introduced as an influent at the
beginning of the aeration phase. Excess sludge was
withdrawn in a mixed state at the first 3 min of the aeration
phase. The AS process was selected to achieve an average DO
of at least 2 mg L−1 during the respective aeration phases to
avoid oxygen limitation.

SAS process. The SAS process operated with the same cycle
as the AS process. It involved treating the PST effluent and
adopted the same sludge withdrawal procedure and DO
target level as the AS process.

Analytical measurements

The operational period was divided into three phases: A, B,
and C based on water temperature. Samples were collected
four times over a 2-week period, following a preliminary run
that lasted three times longer than the SRT to acclimate the
sludge to the target temperature. This sequence of operations
was repeated from periods A to C. These collected samples
were refrigerated and analyzed within 24 h. Total chemical
oxygen demand (tCOD) and soluble COD (sCOD) were

measured using COD reaction vials and a VIS
spectrophotometer (HACH Company, Loveland, CO). sCOD
was determined by measuring the COD of the filtrate
obtained using glass microfiber filters (Whatman Grade 934-
AH). Particulate COD (pCOD) was determined by subtracting
the sCOD from the tCOD. Dissolved oxygen levels in the
reaction tank were monitored using a dissolved oxygen meter
(HQ40D, HACH Company, Loveland, CO). Water
temperatures of the influent and reaction tank were recorded
every 20 min using a temperature logger (TR-71wb; T and D
Corporation, Japan), with daily averages calculated. Total
suspended solids (TSS) in the reaction tank were quantified
according to the standard methods.15

Methane production test

Following each operational period, sludge was sampled from
each reactor as a substrate, gravity thickened, refrigerated,
and tested within 48 h. Methane production tests were
conducted in triplicate for each type of sludge using an
automated methane potential test system (AMPTS2;
Bioprocess Control AB, Sweden). The inoculum, digested
sludge from the full-scale WWTP, was pre-incubated at 35 °C
for at least one week to minimize endogenous methane
production. The COD and volatile solids (VS) of the
substrates and the inoculum were measured. For each test,
400 mL of inoculum was added to each glass vessel. The
substrates were diluted with boiled tap water to a final
volume of 100 mL, ensuring that the VS weight was 10–20%
of the inoculum's VS weight to avoid excessive substrate
input, and then transferred to the test vials. Each vial was
maintained in a water bath at 35 °C and agitated
continuously. The produced biogas was passed through 3 M
sodium hydroxide to remove carbon dioxide and hydrogen
sulfide. Following the protocol of the test system, the volume
of the released methane gas was determined with a wet gas
flow measuring device using liquid displacement and
buoyancy and normalized to standard conditions. The
methane production rate was calculated by dividing the
normal volume of methane gas produced by the end of a 28
day test period, by the VS weight of the substrate. Net
methane volumes were determined by subtracting the
methane output of the blank assay from the total measured
volumes. In the control assay, glucose was used as a substrate
to ensure that the methane production was at least 85% of
the theoretical value as expected. The pH of the substrate–
inoculum mixture was measured at the end of the test,

Table 1 Flow rates and reactor volume in HiCS, AS, and SAS processes

Process Influent flow (L d−1) Reactor volume (L) HRT (h) Sludge wasting (L d−1) Effluent flow (L d−1)

HiCS 180 30 4 24a 156a

AS 72 24 8 1.8 70.2
SAS 72 24 8 1.8 70.2

Note: HiCS and AS processes are part of a two-stage HiCS–AS process. a In period A, sludge wasting and effluent flow in the HiCS process was
18 and 162 L d−1.
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confirming a pH value of above 6.8.16 The pH of the digested
sludge was measured using a pH meter (HM-40P; DKK-TOA
Corporation, Japan).

Calculation

SRT (d) was calculated using eqn (1):

SRT ¼ Xcon ×V con

Xwas ×Qwas þ Xeff ×Qeff
; (1)

where Xcon is the TSS concentration in the contact phase (mg
TSS L−1), Vcon is the working volume in the reaction tank
during the contact phase (L), Xwas is the TSS in the wasted
sludge and is equal to the TSS in the stabilization phase (mg
TSS L−1), Qwas is the flow rate of the sludge wasting (L d−1),
Xeff is the TSS concentration in effluent (mg TSS L−1), and Qeff

is the flow rate of effluent (L d−1). During the HiCS process,
Xeff cannot be ignored and thus affects SRT. Xcon is the result
of eqn (2):

Xcon ¼ X in ×Qin þ Xsta ×Qsta

Qin þ Qsta
; (2)

where Xin is the TSS concentration in influent (mg TSS L−1),
Qin is the flow rate of influent, Xsta is the TSS concentration
in the stabilization phase (mg TSS L−1), and Qsta is the flow
rate of the stabilized sludge (L d−1) and is equal to Qin minus
Qeff and Qwas. The oxidized COD mass was determined by
subtracting the COD mass of the wasted sludge and the
effluent from the influent COD mass.

Additionally, the sludge recovery rate (g COD g COD−1) is
calculated as the product of the carbon redirection rate (g
COD g COD−1) and the carbon harvesting rate (g COD g
COD−1). Following the methodology of Rahman et al.,7 the
carbon redirection rate (R) and the carbon harvesting rate (H)
were computed using eqn (3) and (4), respectively:

R ¼ Qwas × tCODwas − tCODeffð Þ þ Qeff þ Qwasð Þ ×pCODeff

Qin × tCODin
(3)

H ¼ Qwas × tCODwas − tCODeffð Þ
Qwas × tCODwas − tCODeffð Þ þ Qeff þ Qwasð Þ ×pCODeff

(4)

where tCODwas is the tCOD of the wasted sludge (mg L−1),
and tCODeff is the tCOD of the effluent (mg L−1), pCODeff is
the pCOD of the effluent (mg L−1), and tCODin is the tCOD of
the influent (mg L−1). The carbon redirection rate represents
the ratio of COD mass redirected to particulate organic
matter in wasted sludge and effluent relative to the influent
COD mass. The redirected organic matter includes organic
matter converted to sludge by biosorption, internal
accumulation of the substrate, bacterial growth, and
suspended organic matter not micronized in the reactor. The
carbon harvesting rate quantifies the proportion of this
redirected sludge that settles and is recovered. The methane

conversion rate (g COD CH4 per g COD) of the recovered
sludge was calculated using the following equation (eqn (5)):

Methane conversion rate ¼ B0

0:35 × COD=VSð Þ (5)

where B0 (NL CH4 per g VS) is the methane production rate,
that is, the cumulative methane production normalized to
standard conditions per VS of substrates, 0.35 NL CH4 per g
COD CH4 is the volume of methane under standard
conditions per gram COD of methane, and COD/VS is the
ratio of COD to VS of the substrates.

The methane recovery rate (g COD CH4 per g COD),
representing the proportion of methane gas generated from
recovered sludge relative to the organic matter in the influent
wastewater in terms of COD, was computed using eqn (6):

Methane recovery rate = Sludge recovery rate × Methane
conversion rate (6)

where the sludge recovery rate is the ratio of recovered sludge
mass to the influent COD mass.

To evaluate substantial differences in the methane
generation rates among sludge produced by the HiCS, AS,
and SAS processes during each period, multiple comparisons
were conducted using Tukey's test with BellCurve for Excel
4.05 (Social Survey Research Information Co., Ltd., Tokyo,
Japan). Moreover, two-sample Student's t-test was conducted
to assess differences between the mean methane recovery
rates of the HiCS–AS and SAS processes for each period using
Microsoft Excel (Microsoft Corporation, Redmond,
Washington, U.S.).

Results and discussion
Reactor operation and effluent quality

The COD of influent and effluents from each process is
shown in Fig. 2. COD residuals in the effluent from the
HiCS–AS process were comparable to those of the effluent
from the SAS process. The SRT of the HiCS process during all
periods was 0.39–0.49 days. The water temperature in the
reactor tank, ranging from 15.9–26.5 °C, was consistently a
few degrees below that of the influent throughout the period.
The operational overview is also shown in Table 2.

Redirection pathways of influent organic matter

The redirection pathways of the influent organics for the
HiCS–AS and SAS processes are illustrated in Fig. 3. The
average sludge recovery rates for the HiCS–AS and SAS
processes were 0.22 ± 0.06 and 0.21 ± 0.09 g COD g COD−1,
respectively, across all periods (the value after the plus–
minus sign indicates the standard deviation, hereinafter).
The HiCS–AS value is the sum of those of the HiCS and AS
processes. The sludge recovery rates for the HiCS–AS and SAS
processes were higher at lower water temperatures. Regarding
the individual unit processes, the sludge recovery rate for the

Environmental Science: Water Research & Technology Paper
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HiCS process alone averaged 0.12 ± 0.03 g COD g COD−1

across all periods, showing little variation with water
temperature. This stability is consistent with the findings of
Shao et al.,17 who observed a similar trend of sludge recovery
in the HRAS process at a SRT of 3 days. In contrast with the
findings of Sakurai and Okayasu,18 which indicated
differences in sludge recovery rates for the HiCS process
between periods, this study did not identify any such
differences between periods. The observed sludge recovery
rate is lower than the 0.40 g COD g COD−1 average recovery
rate for the HiCS process reported by Meerburg et al.5 This
discrepancy could be attributed to the higher tCOD (757 mg
L−1) and pCOD (268 mg L−1) of the synthetic wastewater used
by Meerburg et al., which originally contained more settleable
organic matter. Rahman et al.7 and Van Winckel et al.19

reported sludge recovery rates of 0.32 and 0.35 g COD g
COD−1, respectively, from CEPT effluents under similar
experimental conditions, which are significantly higher than

those observed in our study. In contrast to the HiCS process,
the AS and SAS processes exhibited variable sludge recovery
in response to fluctuations in water temperature, with higher
sludge recovery rates during the lower temperature periods.

Notably, during period A, the average sludge recovery rates
of the HiCS and SAS processes were nearly 0.12 g COD g
COD−1, demonstrating close agreement. However, owing to
the high methane conversion rate of sludge generated by the
HiCS process (as described later), the methane recovery rate
of the HiCS process during period A was considerably higher
than that of the SAS process. In addition, methane gas
recovered from AS sludge further enhances the energy
recovery efficiency of the HiCS–AS process.

The proportions of residual organics in the effluents for
the HiCS–AS process averaged 0.14 ± 0.04 g COD g COD−1 over
the entire period, which is comparable to that of the SAS
process (0.16 ± 0.05). For the HiCS process alone, the residual
rate was 0.65 ± 0.08 g COD g COD−1. This is higher than the
0.45 g COD g COD−1 residual rate in effluent for the HiCS
process treating CEPT effluent reported by Rahman et al.7 The
proportions of organic matter oxidized in the HiCS–AS and
SAS processes were similar, with values of 0.64 ± 0.07 and
0.63 ± 0.11 g COD g COD−1, respectively. For the HiCS process
alone, the oxidation rate was 0.23 ± 0.07 g COD g COD−1,
which aligns with the 0.23 g COD g COD−1 reported by
Rahman et al.7 for the HiCS process treating CEPT effluent.

Carbon redirection and harvesting rates

The carbon redirection rate (R) and carbon harvesting rate
(H) are calculated by eqn (3) and (4), and are presented in
Table 3. The carbon redirection rate for the HiCS process was
slightly lower than the pCOD to tCOD ratio in the influent,
which ranged from 0.38 to 0.42 g COD g COD−1. This
observation aligns with the studies by Rahman et al.7 and
Van Winckel et al.,19 which examined the HiCS process
treating CEPT effluents containing minimal settleable
suspended organics. Throughout all periods, the carbon
redirection rates for the AS and SAS processes were
consistently lower than those observed for the HiCS process,
attributable to the longer SRT and increased degradation.

Fig. 2 Influent and effluent COD concentration, with standard
deviation indicated by error bars. HiCS and AS processes are part of a
two-stage HiCS–AS process. Influent (PST effluent) was fed to HiCS
and SAS processes. HiCS effluent was fed to the AS process.

Table 2 Operational conditions for each period (average values ± standard deviations)

Process Period A Period B Period C

Month of sampling All Sept.–Oct. Oct.–Nov. Jan.–Feb.

Water temperature in the reactor (°C) Influent 27.1 ± 1.2 23.9 ± 0.8 17.8 ± 0.7
HiCS 26.5 ± 2.0 22.1 ± 1.4 16.0 ± 0.3
AS 25.9 ± 2.5 20.7 ± 1.7 16.0 ± 0.2
SAS 25.8 ± 2.3 20.7 ± 1.6 15.9 ± 0.1

SRT (d) HiCS 0.49 ± 0.05 0.39 ± 0.04 0.42 ± 0.04
AS 4.8 ± 0.6 6.3 ± 0.2 5.9 ± 0.3
SAS 5.3 ± 1.0 6.0 ± 0.4 6.2 ± 0.2

TSS in the stabilization or aeration phase (mg L−1) HiCS 250 ± 20 230 ± 10 170 ± 40
AS 470 ± 210 1460 ± 210 1300 ± 320
SAS 2280 ± 1130 2310 ± 990 3010 ± 310

Note: HiCS and AS processes are part of a two-stage HiCS–AS process. The influent was PST effluent and was fed to HiCS and SAS processes.
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The carbon redirection rates were influenced by the
conversion of organic matter in the influent to sludge through
adsorption and assimilation as well as by its reduction via
endogenous respiration and hydrolysis.4 Regarding
interperiod differences, the lower carbon redirection rates
were observed during warmer periods for the AS and SAS
processes. This suggests that, during the warmer period, the
extent of organic matter reduction through endogenous
respiration and hydrolysis exceeds the extent of its conversion
to sludge via adsorption and assimilation. The influence of
water temperature on organic matter reduction through
endogenous respiration and hydrolysis may be the primary
factor for interperiod differences in the carbon conversion
rates in the AS and SAS processes. Unlike AS and SAS sludge,
HiCS sludge remains in the system for a shorter duration,
resulting in minimal degradation effects on the sludge
redirection rate. This reduced susceptibility of the carbon
redirection rate to degradation in the HiCS process is likely a
key factor for its considerably higher value than that in the AS
and SAS processes during high-temperature periods.

As shown in Table 3, the carbon harvesting rates for the
HiCS process ranged from 0.32 to 0.35 g COD g COD−1, with
no apparent effect of varying water temperatures observed.
The carbon harvesting rates for the SAS process were
consistently high across all periods, ranging from 0.82 to
0.91 g COD g COD−1, with higher rates typically observed at

lower temperatures. For the AS process, the rates varied
between 0.54 and 0.88 g COD g COD−1.

One factor limiting the carbon harvesting rate is the
settling characteristics of the sludge.6 According to Ekama
and Wentzel,20 when the sludge age is less than 4 days, the
non-sedimentation component of the AS floc increases
because of limited predatory activity of protozoa. Accordingly,
because the carbon harvesting rate is fundamentally low in
the HiCS process, efforts to increase the carbon harvesting
rate could be effective for sludge recovery. In addition, the
higher the carbon harvesting rate, the more the sludge that
settles and is brought into the next cycle. Therefore,
increasing the carbon harvesting rate would also improve the
carbon redirection rate. Bisogni and Lawrence21 conducted a
study on sludge with SRTs ranging from 0.25 to 12 days and
found that sludge settled better when the SRT was 1 day or
longer. Consequently, extending the SRT expectedly improves
sludge sedimentation rates. However, because increasing the
SRT will decrease the observed biomass yield by increasing
the endogenous respiration and the hydrolysis as well known,
it is beneficial to identify and maintain an optimal SRT that
allows for high sludge sedimentation and low sludge
degradation. In the study by Sakurai and Okayasu,18 the HiCS
process operated at a longer SRT had superior sludge
recovery at low water temperatures, with a maximum carbon
harvesting rate of 0.48 g COD g COD−1. In contrast, herein,

Fig. 3 Redirection pathways of influent organic matter for the HiCS–AS and SAS processes, with standard deviation indicated by error bars.

Table 3 Carbon redirection and harvesting rates in each period (average values ± standard deviations)

Process Period A Period B Period C

pCOD in tCOD (g COD g COD−1) Influent 0.40 ± 0.06 0.42 ± 0.04 0.38 ± 0.13
Carbon redirection rate (g COD g COD−1) HiCS 0.39 ± 0.05 0.37 ± 0.03 0.35 ± 0.05

AS 0.16 ± 0.09 0.17 ± 0.03 0.25 ± 0.09
HiCS–AS 0.49 ± 0.02 0.48 ± 0.04 0.53 ± 0.07
SAS 0.17 ± 0.06 0.21 ± 0.09 0.32 ± 0.04

Carbon harvesting rate (g COD g COD−1) HiCS 0.32 ± 0.04 0.32 ± 0.04 0.35 ± 0.11
AS 0.54 ± 0.12 0.88 ± 0.07 0.78 ± 0.10
HiCS–AS 0.37 ± 0.06 0.45 ± 0.03 0.49 ± 0.12
SAS 0.82 ± 0.05 0.90 ± 0.09 0.91 ± 0.04

Note: HiCS and AS processes are part of a two-stage HiCS–AS process. The influent was PST effluent and was fed to HiCS and SAS processes.
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the carbon harvesting rate of the HiCS process during the
low-water-temperature period was relatively low (0.35 g COD
g COD−1). During the low-water-temperature period,
extending the SRT to enhance sludge settleability can benefit
sludge recovery as lower temperatures suppress endogenous
respiration and hydrolysis of the sludge.22

In the studies by Rahman et al.7 and Van Winckel et al.,19

the carbon harvesting rates for the HiCS process treating
CEPT effluents were 0.58 and 0.68 g COD g COD−1,
respectively. In contrast, the carbon harvesting rate of the
HiCS process in our study ranged from 0.32 to 0.35 g COD g
COD−1, which is lower than those reported in these studies.
As reported by Checa-Fernández et al.,23 iron ions added
during the coagulation process may remain in the CEPT
effluent. Residual iron ions are known to improve the settling
of sludge in biological treatment after CEPT.24,25 The absence
of CEPT treatment in our study likely contributed to the
relatively low carbon harvesting rate observed. Further
research is necessary, as there are few instances of the HiCS
process being applied to PST effluent.

Van Winckel et al.19 compared sludge from the HiCS and
HRAS processes treating CEPT effluents and found that HiCS
sludge exhibited superior bioflocculation and organic
capture, albeit with a lower settling velocity that increased
sensitivity to the surface overflow rate in the sedimentation
tank. This underscores the significance of the sedimentation
process in enhancing the carbon harvesting rate in the HiCS
process. Additionally, a study by Rey-Martínez et al.26

indicated that the SBR configuration resulted in better sludge
settling compared to a continuous flow setup. The
implementation of the SBR configuration in our HiCS
process likely played a role in achieving a relatively higher
carbon harvesting rate.

Considering the overall carbon conversion and carbon
harvesting rates, the combined HiCS–AS process exhibited a
higher carbon redirection rate but a lower carbon harvesting
rate across all periods than the SAS process as shown in
Table 3. In particular, during period A, the carbon harvesting
rate of the HiCS–AS process was slightly lower than half that
of the SAS process. However, as previously mentioned, the
high carbon redirection rate of the HiCS process led to the
high carbon redirection rate of the HiCS–AS process, which
was approximately three times higher than that of the SAS
process.

Methane recovery rates

The methane production rates are shown in Fig. 4. The
methane production rate of HiCS sludge ranged from 0.41 to
0.45 NL CH4 per g VS, surpassing the rates observed for SAS
sludge, which were between 0.27 and 0.28 NL CH4 per g VS
across all periods. Through multiple comparisons, the
methane production rate of HiCS sludge was observed to be
statistically significantly higher than those of the AS and SAS
sludge at the 5% significance level across all periods. The
high methane production rate represents a substantial

advantage concerning energy recovery within the HiCS
process. Noike27 reported methane production rates for
primary and excess sludge at four full-scale WWTPs in Japan,
with values ranging from 0.24 to 0.48 and from 0.18 to 0.31
NL CH4 per g VS, respectively. The methane production rate
for HiCS sludge in our study was higher than that of the
excess sludge and within the range of the primary sludge in
his study.27 Sakurai and Okayasu18 observed that the
methane production rate from sludge in the HiCS process
treating low-strength wastewater was 0.38 NL CH4 per g VS.
Except for their study, no studies were identified that
specifically examined the methane production rates from
HiCS sludge treating PST effluent, making our findings a
valuable contribution to the field.

Generally, sludge from the HRAS process fed with non-
primary treated wastewater has similar properties to primary
sludge due to its high organic content, suggesting that its
methane production rate should approximate that of primary
sludge. Previous studies on the HRAS process treating
wastewater without primary treatment reported methane
production rates ranging between 0.30 and 0.46 NL CH4 per
g VS.14,28,29 Despite containing less settleable organic matter,
the HiCS sludge treated with PST effluent exhibited a
methane production rate comparable to that of primary
sludge. This phenomenon can be attributed to the fact that
HiCS sludge, unlike conventional AS sludge, contains a
greater proportion of easily degradable organic matter that
has not been completely utilized by the microorganisms
owing to the short residence time, facilitating
methanogenesis, as noted by Trzcinski et al.29 Methane
production rates for sludge from the AS process, the
subsequent stage of the HiCS process, varied from 0.27 to
0.38 NL CH4 per g VS, occasionally exceeding those of the
SAS sludge, though the underlying reasons remain unclear.

Fig. 4 Methane production and conversion rates of recovered sludge
from HiCS, AS and SAS processes, with standard deviation indicated by
error bars. Numbers in parentheses represent the ratio of COD to
volatile solids weight. HiCS and AS processes are part of a two-stage
HiCS–AS process.
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The COD/VS of the recovered sludge was instrumental in
calculating the methane conversion rates, presented in Fig. 4.
The COD/VS of HiCS sludge ranged from 1.53 to 1.80, higher
than that of AS and SAS sludge during the same periods.
Ahnert et al.30 reported that typical primary sludge and excess
sludge have COD/VS ratios of 1.77 ± 0.29 and 1.53 ± 0.22,
respectively, indicative of their lipid, protein, and
carbohydrate composition ratios. The COD/VS values of HiCS
sludge in our study were close to those of primary and excess
sludge as described by Ahnert et al.,30 indicating that this
sludge may possess similar compositions. The methane
conversion rate of HiCS sludge varied from 0.65 to 0.82 g
COD CH4 per g COD, reflecting differences in COD/VS across
different periods.

The methane recovery rates for the HiCS–AS and SAS
processes for each period, calculated using eqn (6), are
depicted in Fig. 5. The methane recovery rate for the HiCS–
AS process is the combined total of the methane recovery
rates from the HiCS and AS processes. Across all periods,
the methane recovery rates for the HiCS–AS and SAS
processes ranged from 0.13 to 0.17 g COD CH4 per g COD
and from 0.08 to 0.15 g COD CH4 per g COD, respectively,
with the HiCS–AS process consistently having higher
methane recovery rates. Compared with the SAS process, the
HiCS–AS process requires a HiCS tank with a volume
equivalent to 50% of the SAS tank volume. The addition of
this HiCS tank to the WWTP itself could be an attractive
option. When comparing the methane recovery rates of the
HiCS–AS and SAS processes across periods, period A
exhibited a significant difference at the 5% significance
level. This difference is primarily attributed to the
considerably higher methane conversion rate of HiCS sludge
than that of the SAS sludge across all periods. Moreover,
the greater recovery of the HiCS sludge, even during warmer
periods when the SAS sludge is prone to degradation,
contributes to the above difference. The methane recovery
rate of HiCS–AS was 0.05 g COD CH4 per g COD higher
than that of SAS in period A. This difference in the

methane recovery rate is equivalent to a difference of 19 W
h m−3 in power production, assuming an influent COD of
271 mg L−1, a methane calorific value of 13.9 kJ g−1 COD
CH4,

31 and an electricity generation efficiency of 35%.32 The
implementation of the HiCS–AS process is expected to result
in a notable increase in power production during the
warmer season, considering that the average power
production of full-scale WWTPs in Japan with anaerobic
digesters and power generation facilities is 103 W h m−3.33

In contrast, no significant differences were observed in the
methane recovery rates between the HiCS–AS and SAS
processes during periods B and C. This study indicates that
the implementation of the SBR-based HiCS–AS process
results in higher methane recovery rates during warmer
seasons compared to a simple SBR-based AS process.

Conclusions

This research evaluated the HiCS–AS and SAS processes, both
fed with PST effluent, at varying water temperatures (15.9–
26.5 °C) to determine their impact on energy recovery. The
sludge recovery rates for the HiCS–AS and SAS processes
varied because of water temperature fluctuations, and
averaged 0.22 ± 0.06 g COD g COD−1 and 0.21 ± 0.09 g COD g
COD−1, respectively, across all periods. The sludge recovery
rate for the HiCS process alone was consistently 0.12 ± 0.03 g
COD g COD−1, showing minimal variation between periods.
The AS and SAS processes exhibited higher sludge recovery
rates during lower temperature periods. The methane
production rate from the HiCS sludge ranged from 0.41 to
0.45 NL CH4 per g VS, exceeding the range from 0.27 to 0.28
NL CH4 per g VS observed for the SAS sludge in all periods.
The high methane production rate represents a substantial
advantage concerning energy recovery within the context of
the HiCS process. The organic residuals in the effluent from
the HiCS–AS process were comparable to those of the effluent
from the SAS process. Consequently, the methane recovery
rates for the HiCS–AS and SAS processes, derived from the
sludge recovery and methane conversion rates for each
process, ranged from 0.13 to 0.17 g COD CH4 per g COD and
from 0.08 to 0.15 g COD CH4 per g COD, respectively, across
all periods, with the HiCS–AS process consistently having
higher methane recovery rates. Notably, during the highest
water temperature period, the methane recovery rate of the
HiCS–AS process statistically significantly outperformed that
of the SAS process (Student's t-test, p < 0.05), largely due to
the higher sludge recovery rate and enhanced methane
production from the HiCS sludge. This study supports the
implementation of the SBR-based HiCS–AS process,
particularly during warmer seasons, as it yields higher
methane recovery rates compared to the SBR-based simple AS
process.

Data availability

Data will be made available on reasonable request.

Fig. 5 Methane recovery rates of the HiCS–AS and SAS processes over
each period, with standard deviations indicated by error bars. The
asterisk indicates statistical significance (p < 0.05, Student's t-test),
whereas “ns” represents no significant difference.
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