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Abstract: The application of biological nitrogen and phosphorus removal processes in high-altitude
areas faces severe challenges due to low temperature, low atmosphere pressure and low oxygen
concentration. In this study, a simultaneous nitrification, denitrification and phosphorus removal
(SNDPR) system was operated under low atmosphere pressure. The chemical oxygen demand
(COD) concentrations in influent were decreased from 300 mg/L (stage I) to 200 mg/L (stage II),
corresponding to the low COD concentration of sewage in high-altitude areas. The removal of COD
and total phosphate was efficient at the H1 reactor (72 kPa). The removal rates of COD and total
phosphate were 94.08% (stage I), 90.66% (stage II) and 98.43% (stage I), 99.34% (stage II), respectively,
which were similar to L1 (100 kPa). The removal rates of total inorganic nitrogen and simulation
nitrification and denitrification were from 81.21% (stage I) and 59.48% (stage I) to 72.86% (stage II)
and 31.95% (stage II), respectively, which were also improved compared to L1. Cycle experiment
results indicated that the activity of phosphorus accumulating organisms was enhanced, while the
ammonia oxidation process was inhibited under low atmosphere pressure.

Keywords: SNDPR; low atmosphere pressure; low COD; phosphorus accumulating organisms

1. Introduction

Environmental characteristics of high-altitude areas are low temperature, low atmo-
sphere pressure and low-oxygen content [1]. Annual average pressure, oxygen content and
atmospheric density at Lhasa are 50%, 60% and 66% of those at sea level, respectively. At
present, commonly used sewage treatment processes in high-altitude areas in China include
anaerobic-anoxic-oxic (A2O) and cyclic activated sludge systems [2]. In high-altitude areas,
the actual dissolved oxygen (DO) content in water is only about 50% of that in low-altitude
areas under the same aeration conditions, which decreases microbial growth, nitrification,
and aerobic phosphorus uptake in biological treatment processes [3], ultimately reducing
treatment efficiency and discharged water quality. Therefore, the application of biological
treatment processes for sewage nitrogen (N) and phosphorus (P) removal in high-altitude
areas faces severe challenges [4,5].

The simultaneous nitrification, denitrification and phosphorus removal (SNDPR)
system realizes the simultaneous removal of organic matter, N and P, in the same reac-
tor. In 2003, Zeng R.J. et al. [6] successfully achieved SNDPR reactions in a single-stage
reactor under low DO conditions (0.5 mg/L) in an alternating anaerobic/aerobic mode.
Currently, SNDPR has been studied and applied in aerobic granular sludge systems [7,8],
biofilm reactors [9–11] and mixed sludge systems [12]. Compared with traditional A2O
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processes, a SNDPR system needs lower DO and can remove N and P with internal
carbon sources [13–15], and therefore saves 50% carbon source and 30% aeration consump-
tion [16,17]. It is expected to be suitable for domestic sewage treatment in high-altitude
areas [18].

Studies have shown that the organic concentration (calculated by COD) in influent
is an important factor affecting the performance of biologically removing N and P from
wastewater. The organic matter concentration in influent serves as an electron donor in
the denitrification process and affects the denitrification process efficiency and metabolism
activity of associated microorganisms, so the COD concentration in influent significantly
affects the simultaneous nitrification–denitrification process [19]. Pochana et al. [20] con-
cluded that the demand for complete denitrification can be met when COD and total
Kjeldahl nitrogen ratio is seven, while when the COD and total Kjeldahl nitrogen ratio is
nine, the system is able to achieve simultaneous N and P removal. Han and Wang [21]
reported that when the COD increased to 4.0 kg/(M3·d), the content of polyhydroxy fatty
acids in the sequencing batch moving bed biofilm reactor system significantly increased,
while the efficiency of N and P removal in the system also increased. Zhou et al. [22] found
that low carbon nitrogen ratios in the SNDPR system were not conducive to the N removal
process and affected the composition of the microbial community. The investigations of
the present study showed that COD concentrations of municipal sewage in Tibet are low,
ranging from 80 mg/L to 150 mg/L [23]; however, the content of N and P is relatively high.
The reason may be that the residents in plateau areas ingest more meat, milk and other
high-protein foods, resulting in insufficient carbon source and high N and P content in the
influent of sewage treatment plants.

In this study, two SNDPR systems were operated under different atmospheric pres-
sures (100 kPa and 72 kPa). The COD concentrations in influent were decreased from
300 mg/L to 200 mg/L, which corresponded to a low concentration of COD influent of
sewage in high-altitude areas. The N and P removal performance of SNDPR systems for
different COD concentrations under different atmospheric pressures was explored. The
mechanism of the removal of N and P was studied in the cycling experiment. The cycle
experiment of an SNDPR system consists of four stages: anaerobic, aerobic, sedimentation
and drainage. Cycle experiments are conducted to study the changes in concentrations
of COD, N and P during one single operating cycle of the reactor, to analyze the major
pollutant conversion and removal pathways and to evaluate the applicability of SNDPR
systems under different atmospheric pressure environments. The research results provide
a technical basis for applying an SNDPR system to domestic sewage treatment processes in
high-altitude areas.

2. Materials and Methods
2.1. Experimental Set-Up and Operational Approaches

Two cylindrical sequencing batch reactors (SBR) were used in this experiment. One
reactor (denoted as L1) was set in an atmospheric pressure environment (100 ± 1 kPa) and
the other (denoted as H1) was set in a low atmospheric pressure environment (72 ± 1 kPa).
The low-pressure environment was provided by a high-altitude environment simulation
capsule [24]. The water temperatures of L1 and H1 were controlled at 20 ± 2 °C. These
reactors were run for 120 days at different atmospheric pressure environments (100 kPa
and 72 kPa) after stabilization. The data for 60 days were used in the paper. The effective
volume of the reactor was 5L, and volume exchange ratios were 40%. The SNDPR system
operated in anaerobic stirring/low oxygen aeration for four cycles every day. Each single
cycle lasted 6h and consisted of an anaerobic stirring phase of 130 min, a 210 min of low
oxygen aeration, a sedimentation of 3 min, a 10 min draining and a standing of 7 min. A
50 mL mud-water mixture was discharged by the peristaltic pumps in the last minute
of the aeration stage to keep mixed liquor suspended solids (MLSS) in the system at
2200 ± 200 mg/L. The SBR reactor kept the sludge age of the system at 25 days. In the
low oxygen aeration stage, the DO was controlled below 1.0 mg/L. To achieve the same



Water 2021, 13, 2656 3 of 12

DO conditions, the aeration rate at 72 kPa was 1.34 times of that at (100 kPa: 40 mL/min,
72 kPa: 60 mL/min).

The operation of the reactor was divided into two stages according to different COD
concentrations in influent (Table 1).

Table 1. Influent concentration of SNDPR systems at different stage.

Item Stage I Stage II

Operating stage (day) 1–26 27–53
Anaerobic time (min) 120 120

Aerobic time (min) 210 210
COD influent concentration (mg·L−1) 300 200

NH+
4 -N influent concentration (mg·L−1) 30 30

2.2. Test Water and Inoculated Sludge

The test water was set up to simulate urban domestic sewage in high-altitude areas.
Influent quality is shown in Table 2. Organic matter was expressed in COD concentration
and provided by sodium acetate (CH3COONa). Ammonia nitrogen (NH+

4 -N) was provided
by ammonium chloride (NH4CL). Total phosphorus (TP) was provided by potassium
dihydrogen phosphate (KH2PO4). Calcium-ion (Ca2+) and magnesium-ion (Mg2+) were
provided by calcium chloride (CaCL2) and magnesium sulfate heptahydrate (MgSO4 7H2O)
respectively, and the alkalinity was provided by sodium bicarbonate (NaHCO3). Trace
elements necessary for microbial growth of 0.5 mL were added to each liter of simulated
sewage sodium acetate (CH3COONa) and ammonium chloride (NH4CL) were produced
by Tianjin Tianli Chemical Reagent Co. (TL TJ CHN), potassium dihydrogen phosphate
(KH2PO4), calcium chloride (CaCL2), magnesium sulfate heptahydrate (MgSO47H2O)
and sodium bicarbonate (NaHCO3) were produced by Shanghai Maikelin Biochemical
Technology Co. (ML, SH, CHN). The compositions are shown in Table 2.

Table 2. Composition of influent in the SNDPR system.

Water Quality of Influent Trace Element Solution Composition [25]

Main Medium Concentration (mg·L−1) Component Concentration (g·L−1)

COD 200 or 300 FeCl3.6H2O 1.5
NH+

4 -N 30 MnCl2.4H2O 0.12
TP 5 CoCl2.6H2O 0.15

Ca2+ 10 H3BO3 0.15
Mg2+ 10 NaMoO4.2H2O 0.06

NaHCO3 50 CuSO4.5H2O 0.03
KI 0.18

ZnSO4.7H2O 0.12
10

The inoculated sludge of the SNDPR system at 100 kPa and 72 kPa came from the
returning sludge of the improved A2O process of Xianyang Dongjiao sewage treatment
plant in Shaanxi Province. The activated sludge was elutriated and filtered in fine gravel
through a 100-mesh sieve and then inoculated into the SBR reactor. After domestication,
the MLSS concentration in the system was 3453 mg/L, the 5 min sludge sedimentation
ratio was 20.9% and the sludge volume index was 60.53 mL·g−1.

2.3. Water Quality Measurement Method

The water sample to be tested was filtered by a 0.45 um needle filter and then stored in
a 4 ◦C refrigerator. All water quality indexes were measured according to relevant standard
methods [26]. COD was determined by an intelligent multiparameter tester (LB-3B, Lihua,
Beijing, China) and DO was determined with a DO meter (HQ30d, HACH, Loveland,
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USA). TP was determined by ammonium molybdate spectrophotometry, NO−
2 -N by N-(1-

naphthyl)-ethylenediamine spectrophotometry, NO−
3 -N by ultraviolet spectrophotometry,

NH+
4 -N by Nessler reagent spectrophotometry and MLSS was determined by the drying

and weighing method.

2.4. Simultaneous Nitrification and Denitrification Efficiency

Simultaneous nitrification and denitrification (SND) efficiency was defined as the loss
of N in the system during the aerobic stage and it was an important parameter to charac-
terize the SND efficiency of the system [27]. The specific calculation Equations (1) and (2)
were as follow [28]:

SND(%) =

(
1 − ∆NO−

x

∆NH+
4

)
× 100% (1)

∆NO−
x =

(
NO−

3,ana − NO−
3,eff

)
+
(

NO−
2,ana − NO−

2,eff

)
(2)

where ∆NH+
4 and ∆NO−

x are the variations standing for the concentration of NH+
4 -N and

NO−
x -N between the end of the anaerobic and aerobic phases, respectively, in mg/L; ∆NO−

x
was calculated from the concentration changes of NO−

3 and NO−
2 ; NO−

3,ana and NO−
2,ana

stood for the concentration values of NO−
3 -N and NO−

2 -N at the end of the anaerobic stage,
respectively, in mg/L; NO−

3,eff and NO−
2,eff stood for the concentration of effluent NO−

3 -N
and NO−

2 -N, respectively.

2.5. COD Consumption in Anaerobic Stage

CODana was defined as the COD consumed by the SNDPR system in an anaerobic
stage, mainly including two parts [29]: the COD (CODdn) consumed by denitrification,
and the COD (CODintra) consumed by phosphorus accumulating organisms (PAOs) and
glycogen accumulating organisms (GAOs) in the system for intracellular carbon storage.

The specific calculation Formulae (3)–(5) were as follows [30]:

CODana = CODdn + CODintra (3)

CODdn = 1.71 × ∆NO−
2 − Nan + 2.86 × ∆NO−

3 − Nan (4)

CODintra = CODPAO + CODGAO (5)

where ∆NO−
2 -Nan and ∆NO−

3 -Nan represented the consumption of NO−
2 -N and NO−

3 -N
during the anaerobic stage, respectively, in mg/L; 1.71 and 2.86 are the theoretical values of
COD consumed by denitrification per unit NO2

−-N and NO−
3 -N respectively [31]; CODPAO

and CODGAO was the COD transformed and stored by PAOs and GAOs in anaerobic stage
in mg/L.

3. Results and Discussion
3.1. Effects of COD Concentrations on Organic Matter Removal in a SNDPR System under
Different Atmospheric Pressures

According to different COD concentrations in influent, the operation of the SNDPR
system was divided into two stages (divided by dotted lines in the figure). Organic matter
removal in the SNDPR system with different COD concentrations in influent at different
atmospheric pressures is shown in Figure 1.
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Figure 1. Organic matter removal and the CODintra, CODdn and SNDratio in SNDPR system with different COD concentra-
tions in influent. ((a,b): 100 kPa; (c,d,b): 72 kPa).

In stage I (Figure 1a COD = 300 mg/L, 1–26 d), the average COD concentration
in effluent of L1 was 16.63 mg/L and the average COD concentration at the end of the
anaerobic stage was 17.14 mg/L, showing a good COD removal performance. The average
amount of internal carbon source stored by PAOs and GAOs in the anaerobic stage CODintra
was 95.98 mg/L (Figure 1b) [32], accounting for 91.88% of CODana. The average COD
removal rate was 94.38%. H1 also demonstrated good COD removal performance in
stage I. The average COD concentration in effluent and COD concentration at the end of
the anaerobic stage were 17.87 mg/L and 20.25 mg/L, respectively (Figure 1c). CODintra
accounted for 90.09% of CODana in the anaerobic stage (Figure 1d), and the average COD
removal rate was 94.08%. These results showed that the two SNDPR systems under
different atmospheric pressures had effective COD removal in stage I, and most COD was
removed at the anaerobic stage.

In stage II (COD = 200 mg/L, 27–53 d), the average COD concentration in the effluent
of L1 and the COD concentration at the end of the anaerobic stage were 17.52 mg/L and
20.21 mg/L, respectively; the result still showed high removal efficiency. The average COD
removal rate was 91.24%. However, CODintra decreased to 47.65 mg/L, and the proportion
of CODintra in CODana was reduced to 76.08% (Figure 1b). The main reason may be that
when the COD in influent concentration decreased, the available carbon sources for PAOs
and GAOs were reduced in the anaerobic stage, resulting in the decrease of the amount
of internal carbon sources stored in the system. Similar results were also observed in
the H1 reactor. The average COD concentration in effluent of H1 was 18.63 mg/L, and
the average removal rate was 90.66%; the average CODintra was 41.70 mg/L, and the
proportion of CODintra in CODana was reduced to 77.73%. These results indicate that when
decreased COD concentrations in the influent were placed under low atmospheric pressure,
the exogenous denitrifying bacteria preferentially used COD to degrade nitrate, and the
exogenous carbon source used for internal carbon source storage and P released were
reduced [33].
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The decrease in COD concentrations of influent under low atmospheric pressure
(72 kPa) did not decrease COD removal in the SNDPR system; this result was consistent
with the results of Du et al. [34]. When the COD in influent decreased from 300 mg/L to
200 mg/L under 100 kPa, the total inorganic nitrogen (TIN) removal rate of the L1 system
dropped from 80.55% to 69.60% (Figure 2). The data indicated that the SND of the system
was weakened in the aeration stage. The COD consumed by exogenous denitrification in
the anaerobic stage increased from 8.48 mg/L to 14.98 mg/L, accounting for 8.12% and
23.91% of CODana respectively. With the decrease of COD concentrations in influent, the
proportion of COD consumed by exogenous denitrifying bacteria increased and the storage
of internal carbon source decreased, which also affected the subsequent TIN removal
performance. On the other hand, under low atmospheric pressure (72 kPa), the TIN removal
rate of the H1 system in stage I (COD = 300 mg/L) and in stage II (COD = 200 mg/L) was
81.22% and 72.84%, respectively, both higher than that occurring in the L1 system under
normal pressure. It may show that, although the DO content from the air into the water
in the aerobic aeration stage was reduced, the SND often occurred efficiently under low
oxygen pressure [35], thus the TIN removal rate was higher under lower atmospheric
pressure. Similarly, under lower atmospheric pressure, the COD consumed by the external
denitrification in H1 (CODdn) was 8.36 mg/L and 13.30 mg/L, respectively, corresponding
to the COD at 300 mg/L and 200 mg/L, which accounted for 9.39% and 31.89% of CODana,
Compared with that of L1, the amount of CODdn decreased. Such a result may be caused
by the decrease of residual nitrate content in the H1 system from the previous stage.
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Figure 2. Variations of influent NH+
4 -N, effluent NH4

+-N, NO2
−-N and NO3

−-N and TIN removal
efficiency under different COD in influent ((a): 100kPa, (b): 72 kPa).

3.2. Effect of COD on TIN Removal in an SNDPR System under Different Atmospheric Pressures

In stage I (Figure 2), both L1 and H1 systems showed efficient nitrification performance.
The average concentrations of NH+

4 -N, NO−
2 -N and NO−

3 -N in the effluent are 0.49 mg/L,
0.05 mg/L, 5.29 mg/L and 0.54 mg/L, 0.12 mg/L, and 5.13 mg/L, respectively. The average
NH+

4 -N removal rates in L1 and H1 reactors reached 98.41% and 98.24%, respectively.
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The average removal TIN rates reached 80.54% and 81.21%, respectively. The average
SND rate in L1 was 58.00% and 59.41% in H1. There was no significant difference in
NH+

4 -N concentrations in effluent and removal rate between H1 and L1; both maintained
a low level, while the TIN removal rate in H1 was slightly higher than that in L1. He
et al. [36] concluded that in a SNDPR system with low COD in influent, the reduction
of aeration rate would reduce the DO level in the aerobic stage and maintain a low DO
concentration (0.5–1.0mg/L), which would improve the denitrification rate and strengthen
simultaneous nitrification and denitrification. In the present study, H1 maintained a low
DO concentration in the system during the aeration stage, conducive to TIN removal in
the system.

At stage II, the NH+
4 -N and NO−

2 -N concentrations in effluent of L1 and H1 remained
stable, but the NO−

3 -N concentration in effluent increased with the decrease of COD in
influent, and the NO−

3 -N concentration of L1 and H1 increased to 8.75 mg/L and 7.78 mg/L,
respectively. Shown in Figure 1, the SND rates of L1 and H1 decreased compared with the
previous stage I, with an average of 24.52% and 31.95% respectively. The main reason was
due to the decrease of COD in influent. The carbon source available in the denitrification
process was reduced, resulting in the decline of the denitrification performance of the
system. In this stage, the NO−

3 -N concentration in effluent of L1 was higher than that of H1,
but the SND rate was lower than that of H1. He et al. [36] found that in an SNDPR system,
a higher DO level would cause high NO−

3 -N residue. In this study, the DO level of L1
operating at 100 kPa in the aerobic stage was higher than that of H1 at 72 kPa (Figure 3a,b),
resulting in the higher nitrate nitrogen concentration in effluent of L1. Although the high
DO level in the aerobic stage guaranteed the oxidation process of ammonia N, it inhibited
the denitrification process, leading to the lower SND rate of L1 compared to H1. This result
was consistent with the research results by Meyer et al. [37].
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Figure 3. Removal of PO3+
4 -P in a SNDPR system under different COD concentrations in influent

((a): 100 kPa, (b): 72 kPa).
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3.3. Effect of COD Concentration on TP Removal in an SNDPR System under Different
Atmospheric Pressures

In stage I, the high COD concentration in influent provided a sufficient carbon source
and high activity of PAOs in the system, with the result that the PAOs exhibited good P
release and absorption performance. The average TP concentration in effluent of L1 and H1
were less than 0.09 mg/L, and the removal rates were greater than 99% (Figure 3). Beyond
this, the TP concentration of L1 at the end of the anaerobic stage was 21.74 mg/L, and
it was observed that the phosphorus release amount (PRA) during the anaerobic stage
was 16.44 mg/L, lower than the TP concentration (26.12 mg/L) and PRA (21.03 mg/L) of
H1 at the end of the anaerobic stage. The same result was also observed in stage II. Chen
et al. [24] found that decreasing atmospheric pressure would enhance the activity of PAOs
in an SNDPR system in batch test. Our results also showed that P release in reactor H1
operating at 72 kPa was higher due to the enhancement of PAOs activity.

At the beginning of stage II, due to decreased COD concentration in influent, the TP
concentrations in L1 and H1 during the anaerobic stage decreased to the lowest concen-
tration of 13.47 mg/L and 6.75 mg/L, respectively. With the continuous operation of the
reactors, the P release in L1 and H1 during the anaerobic stage increased to an average of
20.92 mg/L and 27.34 mg/L, respectively. The reason may be that the PAOs in the system
gradually adapted to the water quality of this stage and took advantage of carbon source
utilization when the COD in influent was limited.

In conclusion, the change of COD concentrations in influent significantly impacted
on PO3+

4 -P concentration and PRA during the anaerobic stage of the system. At low
atmospheric pressure, PAOs activity in the SNDPR system was higher.

3.4. The Pollutant Removal Pathways in a SNDPR System in Typical Cycles under Different
Atmospheric Pressures

The concentrations of C, N and P in a typical cycle under 100 kPa are shown in
Figure 4a. At the first 20 min of the anaerobic stage, NH+

4 -N concentration in influent
decreased from 30 to 14.37 mg/L in the SNDPR system due to dilution, and the COD
concentration rapidly decreased to 32.71 mg/L. The residual NO−

x −N in the previous stage
was utilized by exogenous denitrifying bacteria, resulting in the CODdn consumption of
about 16.99 mg/L. Hence, more COD (about 91.56%) in the influent was stored as an inter-
nal carbon source by PAOs and GAOs in the form of polyhydroxy fatty acids, which were
used for P absorption and SND in the next aerobic stage. During the 60 min of the anaerobic
stage, PO3+

4 -P concentration rose rapidly to 19.10 mg/L and PRA reached 13.89 mg/L. In
the subsequent anaerobic period (60–120 min), PO3+

4 -P concentration remained unchanged
at around 19.10 mg/L, while COD decreased slightly from 32.71 mg/L to 18.69 mg/L,
the results indicating that the decrease of COD at this stage was mainly caused by the
participation of GAOs in the reaction of the system. During the first 120 min anaerobic
stage, NH+

4 -N concentration was slowly nitrated from 15.80 mg/L to 1.00 mg/L, while the
accumulation of NO−

x -N in the system was 6.91 mg/L, less than the content of oxidized
NH+

4 -N, resulting in the loss of total inorganic N of 5.69 mg/L. The results indicated that
46.69% of SND occurred in the aerobic stage. In the subsequent aerobic stage (120–210 min),
the DO content in the system increased rapidly from 0.54 mg/L to 6.47 mg/L, and the
concentrations of main pollutants COD, PO3+

4 -P and NH+
4 -N changed little.
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Figure 4. Variations of N, P and organic carbon in cyclic study in stage II (COD = 200 mg/L)
((a): 100 kPa, (b): 72 kPa).

The concentration changes of C, N and P elements in a cyclic test at 72 kPa are shown
in Figure 4b. In the first 20 min of the anaerobic stage, COD content decreased rapidly
and finally fluctuated around 23.65 mg/L, similar to the system at 100 kPa, in which the
concentration of PO3+

4 -P increased from 5.72 mg/L to 28.13 mg/L. The P release was higher
than that of the system at 100 kPa and the PRA content was 22.34 mg/L, which was also
higher than that of the system at 100 kPa. These results indicated that the PAOs activity
in the SNDPR system was enhanced under low atmospheric pressure. Compared with
GAOs, PAOs preferentially utilized COD in influent and released intracellular phosphate
for metabolism. This result also supported the results of Chen et al. [24]. During the first
120 min anaerobic stage, the concentration of PO3+

4 -P decreased rapidly from 28.58 mg/L
to 0 mg/L, and the removal rate was as high as 100%. Moreover, the TIN concentration
decreased from 13.05 mg/L to 9.88 mg/L, indicating that denitrifying phosphorus accu-
mulating organisms may participate in the reaction of N and P removal. According to
Wang et al. [38], under low oxygen conditions (0.5–1.0 mg/L), denitrifying phosphorus
accumulating organisms often adopted NO−

x -N as the electron acceptor for P absorption
reaction, so the N and P elements in the system could be removed cooperatively; this result
was also consistent with the present results. In the aerobic stage, the ammonia oxidation
rate (AOR) was 0.06 mg N/L/min, lower than the AOR (0.08 mg N/L/min) at 100 kPa.
This indicated that the ammonia oxidation process was inhibited under low atmospheric
pressure, thus affecting the activity of ammonia oxidizing bacteria. In addition, the con-
centration of main pollutants in the H1 system did not change at the end of the aerobic
stage, and the DO level increased to 5.16 mg/L, lower than that in L1 at below 100 kPa
(6.47 mg/L). This indicated that the efficiency of oxygen transferring from air to water was
lower at low atmospheric pressure.

4. Conclusions

(1) H1 reactor showed efficient COD and TP removal performance at 72 kPa when
the COD in influent was decreased from 300 mg/L to 200 mg/L. The average ef-
fluent COD and TP concentrations of the system at 53 days were 18.26 mg/L and
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0.06 mg/L, respectively, similar to those of L1 operating at 100 kPa (COD: 17.08 mg/L;
TP: 0.18 mg/L).

(2) The TIN removal rate in the H1 reactor decreased from 81.21% to 72.86%, and the
SND rate decreased from 59.48% to 31.95% when the COD in influent was changed
from 300 mg/L to 200 mg/L. Compared with L1 operating at 100 kPa, the TIN
removal rate of the SNDPR system increased in stage I (COD = 300 mg/L) and
stage II (COD = 200 mg/L).

(3) PRA in the H1 reactor at 72 kPa was higher than that in the L1 reactor; this indicated
that the PAOs activity was higher at low atmospheric pressure. However, in the
aerobic stage, the AOR in H1 reactor was 0.06 mg N/L/min, lower than that of L1
at 100 kPa, indicating that the ammonia oxidation process in SNDPR system was
inhibited at low atmospheric pressure.

These results showed that the SNDPR system exhibited efficient COD and TP removal
performance under low atmospheric pressure. Compared with the reactor operating under
normal pressure, the TIN removal rate was improved, although the AOR of the system
was reduced. The lower COD in influent under low atmospheric pressure did not affect
COD and TP removal efficiency. In conclusion, the SNDPR system was a process suitable
for domestic sewage treatment in high-altitude areas.
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