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Abstract

The high-rate contact stabilization—activated sludge (HiCS-AS) process, which integrates
an upstream high-rate contact stabilization process with a downstream activated sludge
process, is a promising approach for enhancing energy recovery from municipal wastew-
ater. This 16-week continuous study evaluated the organic matter recovery capacity and
process stability of a HiICS-AS process, configured as a sequencing batch reactor, under
realistic conditions where water temperatures decreased from 29 °C to 14 °C. The upstream
HiCS process, operating at a solids retention time of 0.60 days, exhibited stable sludge
settling behavior and achieved a stable carbon recovery rate of 0.23 & 0.04 g-COD/g-COD.
The overall COD removal rate for the system was 86% % 3%, and the HiCS-AS process
demonstrated a statistically significant increase in organic matter recovery compared to a
parallel single activated sludge process (paired Student’s t-test, p < 0.05). These findings
indicate that the HiCS-AS process provides a consistent and effective approach to organic
matter recovery compared to conventional processes.

Keywords: carbon recovery rate; sequencing batch reactor; bioflocculation; short solids
retention time; biomethane

1. Introduction

Collectively, wastewater drainage and treatment account for approximately 1% of
global electricity consumption, and this demand is expected to rise as the number of sewage
system users increases globally [1]. Reducing electricity consumption in the wastewater
sector has therefore become an important issue in response to the energy crisis and climate
change [2,3]. To offset the substantial energy consumption requirements of wastewater
treatment plants (WWTPs), it is critical to recover as much organic matter from wastewater
as possible, convert it into biomethane, and utilize it as a renewable energy source [4,5].

The high-rate contact stabilization (HiCS) process is a high-rate process capable of
minimizing solids retention time (SRT) and achieving significant suppression of oxidation;
consequently, it has emerged as a key method for the efficient recovery of organic matter
from sewage [6]. Unlike the representative high-rate activated sludge (HRAS) process, the
HiCS process features two separate phases: a contact phase and a stabilization phase [7].
During the contact phase, incoming wastewater is mixed and comes into contact with
returned sludge. Dissolved organic matter in the influent is absorbed by microorganisms,
whereas colloidal and suspended organic matter undergo bioflocculation [8-10]. Sludge
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settles and is partially withdrawn during the sedimentation phase, whereas the remainder
is carried over into the next cycle. The remaining sludge is then aerated through the
stabilization phase. During this process, the sludge is subjected to a famine—feast cycle,
promoting the production of extracellular polymeric substances (EPS) and enhancing
bioflocculation [7,11]. Furthermore, sludge produced in the HiCS process has been shown
to generate greater quantities of biomethane than sludge from the conventional activated
sludge (CAS) process [12,13].

Combining the primary settling tank (PST) for the initial removal of settleable or-
ganics with the subsequent HiCS process is an effective strategy that has the potential to
substantially enhance energy recovery efficiency from wastewater. PSTs typically have
the disadvantage of considerable space requirements; however, they are energy-efficient
devices allowing organic matter to be removed as sludge without being lost through oxi-
dation [14]. The subsequent HiCS process can efficiently recover the low-strength organic
matter that passes through the PST via enhanced bioflocculation [11,15]. Primary effluent
differs from untreated water by PST in terms of the amount of settleable solids, and it is
expected to greatly influence the concentration of sludge in the reactor and the settling
efficiency during the settling phase. Although the HRAS process for untreated water by
PST is well characterized [10], current understanding of the HiCS process for primary
effluent remains insufficient.

To compensate for the relatively weak solid-liquid separation during the HiCS process,
it may be beneficial to adopt a sequencing batch reactor (SBR) configuration. Relative to
continuous-flow systems, the SBR configuration generally offers improved sedimentation
performance because there is no inflow or outflow of water during the sedimentation
phase [16,17]. The high-rate operation of the SBR configuration has also been shown to
outperform that of continuous systems; the SBR-based HiCS process has thus emerged as a
promising approach [18].

To further enhance the overall organic recovery of the system, one practical solution is
to install an activated sludge (AS) stage downstream of the HiCS process to capture residual
organic matter in the HiCS effluent and recover it as excess sludge. This two-stage SBR
combining the HiCS and AS processes was termed the HiCS-AS process. From an energy
balance perspective, the advantages of the HiCS-AS process have been demonstrated even
when accounting for the additional energy required for aeration and other operations [6].
The HiCS-AS process shares configurational similarities with the A-B process, which has
historically been introduced to WWTPs [19]. However, the HICS-AS process in this study
differs in several aspects: it requires a PST, assumes low levels of settleable organic matter in
the influent, incorporates contact and stabilization phases, and involves differences between
the continuous and SBR configurations. According to Sakurai et al. [13], the carbon recovery
rate (CRR)—i.e., the proportion of organic matter recovered as excess sludge relative to
the COD mass of the influent—of the HiCS-AS process employing the HiCS process with
an SRT of 0.44 days was 0.22 £ 0.06 g-COD/g-COD; however, investigations into optimal
SRTs remain insufficient.

In temperate regions, wastewater temperatures typically fluctuate between 15 °C and
25 °C [20]. Understanding the impact of these fluctuations is essential for the full-scale
implementation of new technologies, as temperature sensitivity varies significantly with a
solids retention time (SRT) [13,21]. While higher temperatures can increase organic matter
loss via hydrolysis in systems with an SRT longer than 3 days [21], the effects on short
SRT processes remain less clear, particularly during the gradual temperature transitions
encountered in real-world operations.

This study addresses these gaps by providing 16 weeks of continuous monitoring
of the SBR-based HiCS-AS process under practical, seasonally shifting conditions. The
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primary objective is to improve the HiCS process by employing a modified SRT of 0.60 days
and to demonstrate its stability and enhanced performance in organic matter recovery
relative to a parallel single activated sludge (SAS) process. By analyzing the statistical
correlations between temperature changes and key operational parameters, this research
clarifies the seasonal resilience of the HiCS-AS configuration as a promising approach
for energy recovery in temperate climates. Although nutrient removal can be achieved
by employing advanced treatment during the AS stage, the present study did not target
nutrient removal because it was designed for application at WWTPs where nutrient removal
is not required by regional regulatory guidelines.

2. Materials and Methods
2.1. Operation of the Test Plants

A test plant operating the HiICS-AS process, configured as a two-stage SBR, was installed
within buildings at a full-scale publicly owned WWTP treating municipal wastewater at a
rate of approximately 100,000 m3/d. To provide a baseline for assessing the organic matter
recovery efficiency of the HiCS-AS system, the SAS process was operated in parallel as a
control. Both processes were operated in parallel for 16 weeks, spanning summer to winter.

As shown in Figure 1, municipal wastewater entering the full-scale WWTP initially
passed through an experimental 54 L PST with a surface overflow rate of 25 m3/(m?-d).
The resulting primary effluent was supplied to the HiCS and SAS reactors, and the effluent
from the HiCS reactor was directed to the AS reactor. The effective volumes of the HiCS,
AS, and SAS reactors were 30, 24, and 30 L, respectively. Each reactor was equipped
with influent, effluent, and sludge withdrawal pumps, as well as an air blower (APN-
057R, Iwaki Co., Ltd., Tokyo, Japan); the HiCS reactor also featured an agitator. All
equipment was timer-controlled at fixed intervals. The flow rates for each reactor are listed
in Table 1. The volumetric exchange rate of all reactors was 50%. During each process,
treated wastewater was decanted during the final 10 min of the sedimentation phase. No
mechanical temperature control was installed.

(a) H|gh—ra.t.e contact Activated sludge | HICS-AS eff
stabilization == >
(HiCS) (AS)
Primary
sedimentation ‘ HICS sludge ‘AS sludge
Municipal tank (PST)
wastewater (b) Single activated

—
sludge (SAS) SAS eff.

‘SAS sludge

Figure 1. Process flow diagram of the (a) HiICS-AS and (b) SAS processes operated continuously for
16 weeks. Gray dashed arrows indicate escape lines.

Table 1. Flow rates of the HiCS, AS, and SAS processes.

Process Influent (L/d)  Sludge Withdrawn (L/d)  Effluent (L/d) HRT (h) !

HiCS 180 18 162 4
AS 72 1.8 70.2 8
SAS 90 23 87.7 8

Note: ! HRT (hydraulic retention time) was calculated by dividing the reactor capacity by the inflow water flow rate.

2.1.1. Operating Cycle of the HiCS Process

The operating cycle of the HiCS process lasted for 120 min, consisting of a 40 min
stabilization phase, a 20 min contact phase, and a 60 min sedimentation phase. During
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the stabilization phase, air was supplied at an airflow rate that achieved a dissolved
oxygen (DO) concentration of approximately 5 mg/L by the end of the phase. The oxygen
remaining and carried over into the contact phase was consumed by the influent, reducing
DO levels below 0.5 mg/L during the first half of the contact phase; this environment is
considered suitable for bioflocculation [7]. Excess sludge was withdrawn at the start of the
stabilization phase. During the contact phase, no aeration was applied, and the sludge was
gently stirred at 200 rpm using a propeller-type agitator to prevent accumulation at the
bottom. Primary effluent was introduced during the first half of the contact phase. Sludge
settling during the sedimentation phase was then carried over to the next cycle. A portion
of HiCS effluent not supplied to the AS process was either used for analysis or discharged.

2.1.2. Operating Cycle of the AS and SAS Processes

The operating cycle of the AS and SAS processes consisted of a 180 min aeration
phase followed by a 60 min sedimentation phase, totaling 240 min. After excess sludge
was withdrawn at the start of the aeration phase, influent was introduced into the reactor,
and the airflow rate was adjusted to maintain a DO level of 2 mg/L or higher to prevent
oxygen deficiency.

2.2. Sampling and Analysis

Samples for analysis were collected weekly during the 16-week operational period.
One sampling event was omitted because heavy rainfall substantially diluted the influent,
resulting in a total of 15 sampling events. Influent and effluent were analyzed for chemical
oxygen demand (COD), particulate COD (pCOD), colloidal COD (cCOD), soluble COD
(sCOD), total suspended solids (TSS), biochemical oxygen demand (BOD), allylthiourea-
BOD (ATU-BOD), ammonium nitrogen (NH4*-N), nitrite nitrogen (NO, "-N), and nitrate
nitrogen (NO3~-N). Excess sludge was collected at the beginning of the stabilization or
aeration phase and analyzed for each COD fraction, TSS, volatile suspended solids (VSS),
loosely bound (LB) EPS, and tightly bound (TB) EPS. sCOD was determined using the
method proposed by Mamais et al. [22], involving coagulation with zinc sulfate at pH
10.5 and measuring the COD of the filtrate passed through a 0.45 um cellulose acetate
filter (Membrane Solutions, LLC, USA). cCOD was calculated by subtracting sCOD from
the COD of the filtrate obtained using a glass fiber filter (934-AH, Whatman). pCOD
was determined as the difference between COD and cCOD. COD, TSS, VSS, BOD, and
ATU-BOD were measured according to Standard Methods [23]. LB-EPS and TB-EPS were
measured according to the method proposed by Rahman et al. [24]. NH;"-N, NO, N, and
NO;3;~-N were analyzed using an autoanalyzer (QuAAtro39, BL TEC K.K., Osaka, Japan).
The pH of the influent was measured using a pH meter (HM-40P; DKK-TOA Corporation,
Tokyo, Japan). Water temperature in the reactors was recorded using a temperature logger
(TR-71wb; T and D Corporation, Tokyo, Japan).

2.3. Sedimentation Tests of Sludge in the HiCS and SAS Processes

Following the methods proposed by Van Winckel et al. [25] and Mancell-Egala et al. [26],
the percentages of sludge with critical settling velocities (CSV) of more than 0.6 or 0.15 m/h
were determined for sludge in the HiCS, AS, and SAS reactors. These were denoted
as CSVy 4 and CSV 15, respectively. Two liters of sludge were sampled at the end of the
stabilization and aeration phase and immediately subjected to settling tests. Samples were
then gently transferred into settleable solid vessels (Standard Methods 2540F) [23] to avoid
shear-induced disruption. To measure target CSV values of 0.6 m/h or slower and 0.15m/h
or slower, samples were withdrawn with a pipette from a point 5 cm below the water surface
after 5 min and 20 min of settling, respectively. The pCOD of samples before and after
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sedimentation was measured. CSV( ¢ and CSV) 15 denoted the percentage difference in pCOD
before and after sedimentation relative to the pre-sedimentation pCOD, respectively.

2.4. Calculation

The oxidized COD mass was calculated by subtracting the COD mass discharged as
excess sludge and effluent from the influent COD mass. The carbon recovery rate (CRR)
represents the mass of COD recovered as excess sludge relative to the influent COD mass.
For each process, the CRR was calculated using Equation (1):

CRR = {(CODwas — CODout) X Quas}/ (CODin X Qi) 1)

where CODyya5, CODgyt, and CODj;;, denote COD in the excess sludge, effluent, and influ-
ent, respectively, and Qwas and Qj, represent the flow rates of excess sludge and influent.
As shown in Equation (1), the portion of organic matter present in the excess sludge
corresponding to the organic matter present in the effluent was excluded from the CRR
calculation to avoid overestimating CRR, because such organic matter is difficult to concen-
trate and may not be transferred to the anaerobic digestion tank. MRR is the amount of
methane generated from recovered organic matter, expressed as COD, and is determined
relative to the influent COD mass. MRR is the product of CRR and the methane conversion
rate (MCR). The overall CRR of the HiCS-AS process (CRRpjcs-as) was calculated using
Equation (2) from the CRRs of the HiCS and AS processes (CRRpics and CRRg) as follows:

CRRpics-as = CRRpjcs + E X CRRas 2)

where E is the ratio of COD discharged as HiCS effluent to COD entering the HiCS process.
The overall MRR of the HiCS-AS process (MRRpics-as) was calculated using Equation (3):

MRRHiCS—AS = CRRHiCS X MCRHiCS +E X CRRAS X MCRAS (3)

The MCR for HiCS sludge (MCRgpjcs) was 0.56 g-COD-CHy/g-COD, and the MCR
for AS (MCRyg) was 0.45 g-COD-CH,/g-COD [27]. The MCR for SAS was also taken
as MCRys. The sludge concentration in the contact phase, SRT, CRR, and COD removal
rates for each fraction were calculated using Equations (51)—(S5), which are outlined in the
Supplementary Information.

2.5. Statistical Analysis

To compare the performance of the HiCS-AS and SAS processes, Microsoft Excel 2016
(Microsoft Corporation, Redmond, Washington, DC, USA) was used to evaluate differences
in mean CRR value using a paired Student’s t-test at the 5% significance level. To assess
the relationship between water temperature and operational parameters for each process,
Spearman’s rank correlation coefficients (r) and p-values (p) were calculated and heat maps
were created using Bellcurve 4.05 for Excel (Social Survey Research Information Co., Ltd.,
Tokyo, Japan). All datasets used a sample size of 15.

3. Results and Discussion
3.1. Water Quality of the Influent and Effluents

Figure 2 shows temperatures of ambient air and influent wastewater during the
operation period, along with water temperatures inside the HiCS and SAS reactors on
sampling days. All temperatures exhibited a decreasing trend over time. The minimum and
maximum influent wastewater temperatures were 20 °C and 29 °C, respectively. Detailed
influent and effluent data are presented in Table 2. No seasonal variations were observed
in the influent, the pH of which remained between 6.8 and 7.2.
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Figure 2. Temperatures of ambient air and influent wastewater during the operational period and
water temperature in HiCS and SAS reactors on sampling days.

Table 2. Water quality of the influent and effluent samples collected during the operational period.

Unit Influent HiCS eff. HiCS-AS eff. SAS eff.
tCOD mg/L 316 + 58 182 4+ 28 43+9 33+7
pCOD mg/L 147 + 35 72 £ 11 10£5 5.6 4.6
cCOD mg/L 84 +19 61 16 14 +7 10+5
sCOD mg/L 86 £ 14 49 4+ 12 19 +9 17+ 7

TSS mg/L 82 + 25 35+5 74 +26 70+21

BOD mg/L 143 + 36 65 + 21 93+43 6.1+23
ATU-BOD mg/L n.m. n.m. 63+24 43+1.3
NH,*-N mg/L 30+3 23 +2 14433 0.1+0.1
NO, -N mg/L <0.1 <0.1 35+26 0.3+0.2
NO; -N mg/L <0.1 <0.1 13+5 18 2

Note: n.m.—not measured. Values following + indicate standard deviation.

Effluent water quality is shown in Table 2. HiCS effluent COD and BOD concentrations
were 43 £ 9 mg/L and 9.3 &+ 4.3 mg/L, respectively. During 16 weeks of continuous
operation, no seasonal deterioration in effluent quality was observed. The difference in
sCOD between the HiCS and SAS effluents was 31 + 13 mg/L, which corresponds to
fractions classified as readily biodegradable organic matter in the AS process, as described
by Mamais et al. [22]; this fraction was confirmed to remain in the HiCS effluent. According
to Haider et al. [28], this behavior likely reflects changes in the microbial community caused
by the shortened SRT.

NO, =N and NO3;~-N were not detected in the HiCS effluent. This was attributed to
the short SRT, which prevented the retention of nitrifying bacteria and thereby inhibited
nitrification. During the AS and SAS processes, the SRT was higher than the threshold
typically required for nitrification, but the safety factor was small [20]. Although a decline
in nitrification performance was anticipated with decreasing water temperature, the AS and
SAS processes removed more than 90% of the ammonium nitrogen. This may be attributed
to the advantages of the SBR configuration: its potential for extensive consumption of the
ammonia substrate, absence of flow rate fluctuations, prevention of short-circuiting, and
favorable sedimentation conditions [29].

3.2. Operating Conditions for Each Process

Table 3 summarizes the operating conditions for each process. The HiCS process had
an SRT of 0.60 =+ 0.05 days (hereafter, values following =+ represent standard deviations).
The average MLSS concentration was 316 & 71 mg/L. In HiCS reactors treating low-strength

https:/ /doi.org/10.3390/w18141660


https://doi.org/10.3390/w18141660

Water 2026, 18, 1660

7 of 17

wastewater, the concentrations of MLSS in the contact phase are generally below 1000 mg/L
due to substantial MLSS discharge from excess sludge and treated effluent [13,15,24]. The
values observed in this study were consistent with these previous reports.

Table 3. Operational conditions during each process.

Process HiCS AS SAS
Min. 15 14 15
Water ttzgré};erature Max. 29 29 29
Ave. 22 21 22
SRT (d) 0.60 £ 0.05 544+04 6.2 +03
Stabilization 549 + 128 - -
MLSS (mg/L) Contact 316 £71 - -
Aeration - 526 + 163 1379 + 429
LB-EPS
(mg-COD/g-VSS) 81 £+ 20 66 + 21 30+ 11
TB-EPS
(mg-COD/g-VSS) 204 + 45 236 £+ 59 196 £+ 36
CSV ¢ (%) 80% =+ 6% 93% =+ 4% 98% + 1%
CSVy.15 (%) 94% + 3% 99% + 0% 99% + 1%

Note: Values following =+ indicate standard deviation. “CSV(4” and “CSV( 15” mean the proportions of pCOD
with CSV > 0.6 m/h and >0.15 m/h.

LB-EPS is rapidly generated in response to the feast state during the contact phase,
serving to quickly adsorb and capture inflowing organic matter [7,11]. Excess LB-EPS
is known to cause a deterioration in sludge settleability [10,30]. TB-EPS contributes
to maintaining floc structure and retaining captured organic matter but tends to de-
crease under high loading conditions [31]. The average LB-EPS value in the HiCS
process (81 & 20 mg-COD/g-VSS) was higher than that observed in the SAS process
(30 £ 11 mg-COD/g-VSS), confirming that the HiCS process is suitable for increasing
LB-EPS. Li et al. [30] reported that, in HiCS systems operated at SRTs ranging from
0.6 to 5.0 days, LB-EPS increased with decreasing SRT, reaching 80 mg-COD/g-VSS at
SRTs of 2 days or less; the present results are consistent with those findings [30]. The
average LB-EPS value for the AS process (66 £ 21 mg-COD/g-VSS) was higher than that
for the SAS process, suggesting the influence of residual sludge in the HiCS effluent. No
substantial differences in TB-EPS were observed among the processes examined.

Settling performance is a critical factor for energy recovery in the HiCS process [32,33]. Poor
settleability causes sludge to be discharged with the treated effluent, reducing the amount of
excess sludge available for recovery. In the CAS process, when MLSS concentrations exceed
1000 mg/L, particle interference hinders settling [34]. Sludge from the HRAS process, which
operates similarly to the HiCS process, also exhibits hindered settling at concentrations
between 500 and 1000 mg/L [35]. The MLSS concentrations in the reactors used in this study
were below these ranges, indicating that hindered settling was unlikely to occur. From
the perspective of promoting bioflocculation, higher sludge concentrations are desirable
because they increase contact efficiency with influent organic matter. The minimum solid
concentration at which meaningful settling can be observed is defined as the threshold of
flocculation (TOF) and characterizes the collision efficiency of sludge particles [26]. For
HRAS, the TOF has been reported as 400-700 mg-MLSS/L [26]; in this study, a slightly
lower MLSS concentration was observed. Approaching the TOF while suppressing sludge
oxidation and decomposition may lead to improved settling performance.
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CSV is used as a cutoff value to distinguish whether sludge has settled or remained.
Fau et al. [36] proposed that because HRAS has a low settling efficiency, the CSV of 1.5 m/h
used in CAS systems is poorly suited, and that a lower CSV value could be adopted
for HRAS systems. In this study, previously proposed values of 0.6 and 0.15 m/h [25]
were employed. In the HiCS reactor, CSV( ¢ and CSV 15 were 80% =+ 6% and 94% =+ 3%,
respectively. The settling rate obtained for the HiCS process in this study was lower than
that observed in the AS and SAS processes. This difference was attributed to variations in
sedimentation properties caused by differences in microbial communities associated with
different SRTs, the influence of induced LB-EPS, and reduced flocculation efficiency due to
sludge MLSS concentrations below the TOF. Van Winckel et al. [25] reported that, under
optimal shear conditions, HRAS showed CSV distributions of 66% (>0.6 m/h) and 89%
(>0.15 m/h), similar to those in the HiCS process. The values observed in this study were
slightly higher than those previously reported, indicating a relatively favorable settling
performance during the HiCS process.

The sludge volume index (SVI) was considered unreliable as an indicator of solid—
liquid separability because it overemphasizes the importance of inhibited settling and
compression in sedimentation tanks during high-rate processes [10,25]. Consequently;, it
was not measured in this study:.

3.3. Average Removal Performance of Each COD Fraction

This section presents the average removal performance of each COD fraction over the
entire 16-week experimental period. The detailed correlations between these parameters
and seasonal water temperature fluctuations are discussed later in Sections 3.6 and 3.7.
Figure 3 shows the average removal rates of each COD fraction. The total COD removal
rate during the HiCS process was 42% + 5% and the removal rates of sCOD and pCOD
were higher than that of cCOD. The overall COD removal rate of the HiCS-AS process was
86% =+ 3%, which was close to the tCOD removal rate of the SAS process (90% =+ 2%).

mtCOD mpCOD mcCOD msCOD

100%
90% |

80% |
70%
60% |
50%
40% |
30%
20%
10%
0%

HiCS AS SAS HiCS-AS

COD removal rate (%)

Figure 3. Removal rate of each COD fraction. HiICS-AS represents the combined HiCS and down-
stream AS processes. Error bars show standard deviations.

pCOD accounts for the largest proportion (47%) of organic matter in the influent
as shown in Table 2. pCOD removal is influenced by the settleability of sludge in the
reactor and settleable substances contained within the influent. Consequently, the pCOD
removal rate of the HiCS process after PST is lower than that of the HiCS process without
PST. Furthermore, the effects of hydrolysis and decay also become larger under long SRT.
Extending SRT from 0.2 to 0.8 days significantly improved the pCOD removal rate during
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the HRAS process from 48% to 84% [36]. The pCOD removal rate for the HiCS process in
this study was 50% & 10%, i.e., higher than the pCOD removal rate (33—40%) for the HiCS
process using the same facility but with a slightly shorter SRT (0.44 days) [13].

Under short SRT conditions (less than 0.5-1 day), cCOD is not absorbed by microor-
ganisms in the manner of sCOD, cannot settle like pCOD, and undergoes limited hydrolysis.
Therefore, cCOD removal is primarily attributed to bioflocculation. The removal rate for
cCOD was 27% = 8%. This value is similar to those reported for studies with an SRT of
0.5 days (20-25%) [7,37]. Extending the SRT to 1.2 days increases the removal rate to higher
values (60-80%) [8,18]; however, oxidation also increases, necessitating the exploration of
optimal operating conditions for organic matter recovery.

Microorganisms utilize sCOD for cell synthesis, intracellular storage (such as PHA),
and oxidation for energy production. When the SRT is less than 1 day, it selectively
promotes the growth of specific heterotrophic bacteria capable of rapid growth [28]. These
bacteria exhibit high rates of consuming and utilizing easily degradable sCOD [38,39]. The
HRAS process with an SRT of 0.2 days has been reported to achieve sCOD removal rates
of 29% [38]. Jimenez et al. [8] reported that the sCOD removal rate reaches its maximum
(70-80%) under SRT of 0.5 days or longer. Furthermore, sCOD removal rates of 56% were
reported for an SRT of 1 day [7,40]. The sCOD removal rate in this study was 42% =+ 12%.
Considering that half of the sludge retention time in the HiCS process used in this study
occurs under anaerobic conditions, this result is generally consistent with existing research.

3.4. Average Organic Matter Destination and Recovery Performance

As with the COD removal rates, this section evaluates the mean carbon and methane
recovery performance throughout the 16-week study. Figure 4 shows the destinations of
influent organic matter in the HiCS, HiCS-AS, and SAS processes. The removal rates of
influent COD mass in the HiCS, HiCS-AS, and SAS processes were 0.42 £ 0.05, 0.86 = 0.06,
and 0.89 £ 0.04 g-COD/g-COD, respectively. Organic matter was removed either through
oxidation or by withdrawal as excess sludge. The amount of organic matter oxidized
throughout the HiCS process (0.19 £ 0.07 g-COD/g-COD) was considerably lower than
the corresponding values for the SAS process (0.60 & 0.09 g-COD/g-COD), confirming that
oxidation was substantially suppressed by the HiCS process.

As shown in Table 4, the CRR values for the HiCS, HiCS-AS, and SAS processes were
0.23 £ 0.04, 0.34 £ 0.07, and 0.29 £ 0.08 g-COD/g-COD, respectively. The average CRR of
the HiCS-AS process differed significantly from that of the SAS process (paired Student’s
t-test, p < 0.05), confirming the effectiveness of the HiCS—AS process for organic matter
recovery under practical operational conditions. The CRR of the HiCS process was sub-
stantially higher than the corresponding value (0.12 £ 0.03 g-COD/g-COD) obtained using
the same facility with an SRT of 0.44 days [13]. The SBR-configurated HiCS process in this
study achieved a higher CRR than the continuous-configurated reported previously [41].

The average MRR values for the HiCS, HiCS-AS, and SAS processes were 0.13 & 0.02,
0.18 £ 0.04, and 0.13 £ 0.04 g-COD/g-COD, respectively. The difference in MRR between
the HiCS-AS and SAS processes was 0.05 & 0.02 g-COD/g-COD, which was statistically
significant (paired Student’s t-test, p < 0.05). Assuming a COD concentration of 260 mg/L
for PST effluent [42], a methane calorific value of 13.9 k] /g-COD-CHjy [43], and a power gen-
eration efficiency of 35% [44], this difference corresponds to a power generation potential
of 18 + 8 Wh/m®.
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Figure 4. Redirection pathways of organic matter entering the HiCS, HiCS-AS, and SAS processes.
HiCS-AS represents the combined HiCS and downstream AS processes. sCOD, cCOD, and pCOD
denote the relative proportions in the influent or effluent. Error bars show standard deviations.

Table 4. Operational conditions and performance of each process treating primary effluent from
municipal wastewater.

Process Wt SRT CRR MRR Reference
O (d) (g-COD/g-COD) (g-COD/g-COD)

HiCS 22+5 0.60 4 0.05 0.23 +0.04 0.13 £ 0.02 This study

HiCS-AS 2212 f;; 05640 i:(? '405: 0.34 + 0.07 0.18 £ 0.04 This study

SAS 2245 6.2+ 0.3 0.29 £ 0.08 0.13 £ 0.04 This study
HiCS 22+5 0.44 4+ 0.05 0.12+0.03 0.09 £ 0.02 [13]
HiCS-AS 22122:55; 054742:(?805: 0.22 +0.06 0.15 + 0.04 [13]
SAS 21+ 4 5.8+ 0.3 0.21 +0.09 0.11 £ 0.04 [13]
HiCS * 18 £1 098 £+ 0.18 0.15 £ 0.04 0.078 £ 0.022 [41]
HiCS * 21 £ 0 0.49 £+ 0.11 0.13 £ 0.06 0.070 £ 0.032 [41]
SASt 23+1 18+ 4 0.15 £ 0.03 0.073 £ 0.014 [45]

Note: WT stands for water temperature. Asterisks (*) and double asterisks (**) represent the values of the HiCS
and AS stages within the HiCS-AS process, respectively. The dagger (1) indicates that the process was operated in
a continuous flow configuration, while processes without specific notation employed an SBR configuration.

3.5. Average Carbon Redirection and Harvesting Rates

This section summarizes the average carbon redirection and harvesting rates observed
during the 16-week study, including a comparison with the previously reported SRT
of 0.44 days to evaluate the impact of the modified SRT [13]. The carbon redirection and
carbon harvesting rates are key indicators directly related to organic matter recovery [15,38].
A portion of the particulate and colloidal organic matter entering the HiCS process is
adsorbed or settled and redirected to sludge. Redirected sludge increases in quantity by
growth during its residence time in the system but decreases simultaneously through
degradation or hydrolysis. The carbon redirection rate represents the mass of redirected
sludge relative to the influent COD mass and corresponds to the sludge discharged as excess
sludge or in the effluent; it is therefore also referred to as the sludge production rate [46].
The carbon harvesting rate represents the proportion of redirected sludge recovered through
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sedimentation. The carbon harvesting rate is limited by the sedimentation performance of
the sludge, among other factors [38].

The carbon redirection and carbon harvesting rates of the HiCS process are shown
in Table 4. The carbon redirection rates of the AS and SAS processes were lower than the
pCOD/COD ratio of the influent, indicating substantial degradation during retention in the
reactors. In contrast, the carbon redirection rate of the HiCS process was almost identical to
the pCOD/COD ratio of the influent, indicating minimal reduction. This suggests that the
HiCS process minimized the degradation of particulate organic matter in the influent, and
that any degraded portion was compensated for by newly formed sludge from colloidal
and soluble organic matter. For carbon harvesting, the AS and SAS processes exhibited
higher rates than the HiCS process, consistent with their superior settleability.

Table 5 also shows the results of a previous study [13] in which the HiCS process
was operated at an SRT of 0.44 days. In the present study, the HiCS process (SRT of
0.60 days) showed an increase in MLSS concentration during the contact phase from
136 + 24 mg/L to 316 £ 71 mg/L relative to the previous study; this can be explained by
the extended SRT. This resulted in a notable improvement in CRR, with increased carbon
redirection and carbon harvesting rates. The high carbon redirection rate was attributed
to the slightly higher pCOD/COD ratio in the influent and the enhanced adsorption of
particulate and colloidal organic matter as the MLSS concentration increased. The high
carbon harvesting rate was likely due to the improved adsorption efficiency of particu-
late and colloidal organic matter and enhanced settleability associated with changes in
the microbial community. Although both carbon redirection and carbon harvesting rates
showed a correlation with water temperature during the AS process, neither showed a
correlation with water temperature when using the HiCS process with SRTs of 0.60 and
0.44 days (Supplementary Figure S1).

Table 5. Key characteristics related to the carbon recovery rate (CRR) in each process.

pCOD/COD inthe  Carbon Redirection = Carbon Harvesting

Processes Influent Rate Rate ( -COCDI/{ISCOD)
(g-COD/g-COD) (g-COD/g-COD) (g-COD/g-COD) 5 5
HiCS (0.60d, 22 °C) 0.46 + 0.04 0.46 = 0.05 0.50 + 0.06 0.23 +0.04
AS (5.4d,21°C)* 0.40 + 0.04 0.23 +0.09 0.79 +0.10 0.18 £+ 0.07
SAS (6.2d, 22 °C) 0.46 + 0.04 0.31 + 0.08 0.94 + 0.05 0.29 + 0.08
HiCS (0.44d, 22 °C) ** 0.40 + 0.08 0.37 + 0.04 0.33 £ 0.07 0.12 +0.03

Note: Values in parentheses denote SRT and average water temperature. * The AS process used HiCS effluent as
influent. ** Values reported by Sakurai et al. [13].

3.6. Correlation Between Water Temperature and Operational Parameters

Figure 5a shows the correlation between water temperature and operating parameters
in the HiCS process. Water temperature exhibited a statistically significant positive correla-
tion with the sCOD removal rate (r = 0.60, p < 0.05). The increasing trend in sCOD removal
rate with rising water temperature aligned with previous findings [38] and was thought to
result from enhanced microbial metabolic activity. Although reports have indicated that
LB-EPS, which has a rapid production rate, increased with rising sCOD removal [11,40],
no correlation between water temperature and LB-EPS was observed in this study (see
Supplementary Figure S2). This is likely due to the balance between LB-EPS production
and degradation in response to water temperature changes.
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Figure 5. Heat maps showing Spearman’s rank correlation coefficient between water temperature
and operational parameters in the (a) HiCS, (b) AS, and (c) SAS processes. “CSV(¢” indicates the
proportion of pCOD in the contact or aeration phase where the critical settling velocity exceeds
0.6 m/h. (*p <0.05, ** p <0.01).

TB-EPS in the HiCS process showed a statistically significant negative correlation
with water temperature (r = —0.76, p < 0.01); this trend is consistent with previous reports
using the CAS process [47]. Since TB-EPS exhibits a slow production rate [11,31], its
decomposition may have been strongly influenced by high temperatures. TB-EPS showed
a positive correlation with cCOD removal rate (r = 0.53, p < 0.05). Previous studies have
suggested that TB-EPS may promote the bioflocculation and sedimentation of colloidal
substances [10], consistent with these results. The cCOD removal rate showed a negative
correlation with CSVj¢ (r = —0.60, p < 0.05), which may indicate either that cCOD was
adsorbed during bioflocculation or that EPS behavior negatively affected sedimentation
rates. LB-EPS and CSV 4 showed a negative correlation (r = —0.61, p < 0.05) consistent
with previous reports indicating that excessive LB-EPS production causes deterioration in
settleability [10,30,48]. No significant correlation was observed between pCOD removal
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and any parameter. This may reflect the influence of various factors, such as settleable
solids, in the influent and floc formation conditions.

The carbon redirection rate, carbon harvesting rate, and CRR in the HiCS process
showed no significant correlation with water temperature, suggesting that changes in water
temperature have no direct relationship with either sludge redirection or settling, and
indicating the potential for stable carbon recovery. In summary, during the HiCS process,
although water temperature changes were associated with microbial activity, no direct
relationship with LB-EPS was observed. Additionally, no decrease in settleability caused
by excessive LB-EPS was observed, and a stable CRR was achieved.

As shown in Figure 5b,c, water temperature exhibited a negative correlation with
many parameters, including CRR, in both the AS and SAS processes. Similar to previous
results [46], it was considered that a longer SRT promoted organic matter decomposition in
sludge under high temperatures, leading to decreases in mixed liquor suspended solids
(MLSS) and carbon redirection rate, resulting in a reduction in CRR.

3.7. Relationship Between Carbon Recovery Rate and Water Temperature in the HICS-AS System

Figure 6 shows the relationship between water temperature and CRR. In the HiCS-AS
and SAS processes, a tendency for CRR to decrease at higher temperatures was observed.
Spearman’s rank correlation coefficient for the HiCS process was —0.26 and was not found
to be statistically significant at a p-value of 0.34, suggesting that it is less susceptible to
the influence of water temperature. In contrast, the HiCS-AS and SAS processes had
Spearman’s rank correlation coefficients of —0.65 and —0.66, respectively, and both were
statistically significant at p-values of <0.01.

O HiCS-AS ® HiCS
¢ SAS ® AS
Linear (HiCS—AS) ---- Linear (HiCS)
Linear (SAS) - - = Linear (AS)
0.60
o
, 050 .
g [=) (¢ ° o
040 +
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0.00 L L L
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Water temperature (°C)

Figure 6. Relationships between water temperature and carbon recovery rate. HiCS-AS represents the
combined HiCS and downstream AS processes. Trend lines are drawn for indicative purposes only.

The CRR of the HiCS process showed little influence from temperature, consistent
with previous findings [13]. Additionally, no notable impact was observed during the
transition period of water temperature changes caused by continuous operation. The stable
recovery of HiCS sludge with high methane conversion rates contributes to the stable
energy recovery efficiency in the HiCS-AS process. Similar temperature-dependent effects
in these processes are expected in temperate regions.
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4. Conclusions

To advance the practical application of the HiCS-AS process for enhanced energy
recovery, this study evaluated a bench-scale SBR system during 16 weeks of continuous
operation. By adopting an SRT of 0.60 days for the upstream HiCS stage, a stable CRR of
0.23 £ 0.04 g-COD/g-COD was achieved. This value is higher than the CRR reported in
previous studies using an SRT of 0.44 days. A key finding of this research is the seasonal
resilience of the HiCS stage; statistical analysis confirmed that its CRR was not significantly
influenced by water temperature changes between 14 °C and 29 °C. While both the HiCS-
AS and parallel SAS processes exhibited temperature-dependent trends, the average CRR
of the HiCS-AS process (0.34 £ 0.07 g-COD/g-COD) was significantly higher than that of
the SAS process (0.29 £ 0.08 g-COD/g-COD). Furthermore, the SBR configuration ensured
consistent effluent quality, with an overall COD removal rate of 86% =+ 3%, and maintained
stable sludge sedimentation throughout the study. These results indicate that the HiCS-
AS process demonstrated consistent performance and enhanced organic matter recovery
relative to conventional processes under the conditions tested.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /w18141660/s1: Figure S1: Relationships between (a) carbon
redirection rate and (b) carbon harvesting rate and water temperature; Figure S2: Relationship
between (a) LB-EPS and (b) TB-EPS and water temperature in the reaction tank for each process.
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Abbreviations

The following abbreviations are used in this manuscript:

AS Activated sludge

ATU-BOD  Allylthiourea-biochemical oxygen demand
BOD Biochemical oxygen demand

CAS Conventional activated sludge

cCOD Colloidal chemical oxygen demand

COD Chemical oxygen demand

CRR Carbon recovery rate

csv Critical settling velocity

DO Dissolved oxygen

EPS Extracellular polymeric substances

HiCS High-rate contact stabilization

HiCS-AS  High-rate contact stabilization-activated sludge
HRAS High-rate activated sludge

HRT Hydraulic retention time

LB-EPS Loosely bound extracellular polymeric substances
MCR Methane conversion rate
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MLSS Mixed liquor suspended solids
MRR Methane recovery rate
NH,*-N Ammonium nitrogen

NO, -N  Nitrite nitrogen

NO3; ™ -N  Nitrate nitrogen

pCOD Particulate chemical oxygen demand
PST Primary settling tank

SAS Single activated sludge

SBR Sequencing batch reactor

sCOD Soluble chemical oxygen demand
SRT Solids retention time

SVI Sludge volume index

TB-EPS Tightly bound extracellular polymeric substances
tCOD Total chemical oxygen demand

TOF Threshold of flocculation

TSS Total suspended solids

VSS Volatile suspended solids

WT Water temperature

WWTP Wastewater treatment plant
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