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Abstract: This paper studied the characteristics of the carbon emission of an industrial wastewater
treatment plant IWWTP) and a domestic WWTP (DWWTP) located in a high-tech industrial park
of Shaanxi Province, China. The results showed that the total carbon emissions of the IWWTP
and DWWTP were 10.13 kg/t and 1.84 kg/t in 2020, respectively. Indirect carbon emissions play
a dominant role in the total carbon emission of the IWWTP, which accounts for about 97.6% of
the total amount. The direct carbon emissions of greenhouse gases (e.g., CHy, N»O) account for
about 62% of the total carbon emissions in the DWWTP, followed by the indirect carbon emissions
generated by electricity consumption (31.06%) and chemical consumption (6.94%). Additionally, the
centralized recycling and re-utilization of the wastewater could achieve 1.06 kg/t and 1.16 kg/t of
carbon emission reduction in the INWTP and DWWTP, respectively, while the carbon emissions
of the DWWTP are inversely proportional to the treatment capacity. Therefore, it is of great value
to collect and utilize intensively the recycled water to achieve the goal of regional carbon emission
reduction and carbon neutralization of WWTPs in industrial parks.

Keywords: carbon emissions; industrial wastewater; domestic wastewater; reduction in carbon emission

1. Introduction

Wastewater treatment plants (WWTPs) have been identified as main emission sources
of anthropogenic greenhouse gas (GHG) [1]. Domestic and industrial pollutants are usually
transported into WWTPs during the processes of wastewater treatment [2], which need
to consume a huge amount of electricity and chemicals to achieve good performance.
Conventional WWTPs require significant energy inputs, making up 3% of the global
consumption of electricity [3]. The biodegradation of organic matter contributes to 1.57%
of global CO,-equivalent GHG emission and 5% of global non-carbon dioxide greenhouse
gas (mainly CH4 and N,O) emission [4,5], which results in a critical impact on climate and
the economy. Hence, the control strategies of GHG emission have gained more and more
widespread attention, as a result of hard environmental regulations [6]. In 2020, President Xi
Jinping proposed that China will further improve the country’s independent contribution,
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strive to achieve carbon peaks in 2030, and achieve carbon neutralization goals by 2060
and promote the high-quality development of social economy. To gain the reduction in
effective carbon emissions produced during the processes of wastewater treatment, it is
important to explore the origins of carbon emission under different conditions of influent
(industrial and domestic) and treatment processes [4,7], which would be meaningful to
guide sustainable GHG control strategies (IPCC 2019).

The Intergovernmental Panel on Climate Change (IPCC) has reported the total carbon
emission of some domestic WWTPs (DWWTPs) [8,9]. For instance, in [10], Zhang et al.
reported that the contribution of GHG from the anaerobic, anoxic, and aerobic units in
a DWWTP was 29.7%, 32.5%, and 37.8% of the total carbon emission, respectively, in
which the direct carbon emission of CHy occupied 27.86% [11]; Nguyen et al. conducted
a comparative analysis of the greenhouse gas emission of A2/O and an SBR (Sequencing
Batch Reactor) and confirmed that carbon emission is mainly generated by aerobic pro-
cesses [12]. Scholars also extracted organic energy and heat energy from DWWTPs and then
achieved low carbon emission, e.g., incineration waste power generation [13-15], biological
hydrogen production [2], and heat pump [16,17]. However, the data from DWWTPs are
still invalid after integrating with membrane processes. For instance, the integration of
an MBR (Membrane Biological Reactor) and A?0 led to a 30.5% contribution of direct
carbon emission, while the electricity consumption made up 68.35% of the indirect car-
bon emission [18]. Therefore, the integration of membrane and biological systems could
increase energy consumption, which is disproportionate to the direct and indirect green-
house emissions from the A2/O process. In addition, in comparison with the indirect
and direct carbon emissions of DWWTPs, there are rare publications about industrial
WWTPs (IWWTPs) which play an important role in the industrialization of China and other
developing countries (IWWTPs contribute to about 50% of the global total greenhouse
gas emission) [19]. Wastewater treatment processes for INWTPs, containing pretreatment
+ reverse osmosis membrane separation + evaporation solvent crystallization, need to
be specifically addressed, which are common treatment processes in handling industrial
wastewater from coal industries [20]. Currently, little is known about GHG emission and
distribution from typical INWTPs which contain many more membrane processes and
relevant pre/post-treatment procedures compared to domestic ones. In addition, there are
increasing demands in the wastewater reclamation of both DWWTPs and IWWTPs, but as
for how those reclamation processes would impact carbon emission, further investigations
need to be carried out to answer those questions. Such information would be helpful for
carbon reduction in the processes of wastewater treatment.

This study analyzed the characteristics of carbon emission produced from the IWWTP
and the DWWTP in a high-tech industrial park in Shaanxi Province, China, which were
based on the 2006 IPCC Guidelines for National Greenhouse Gas Inventories (https://
www.ipcc-nggip.iges.or.jp/public/2006gl/index.html; accessed on 3 May 2024), its 2019
Refinement (https:/ /www.ipcc-nggip.iges.or.jp/public/2019rf/; accessed on 3 May 2024),
and the Provincial Greenhouse Gas Inventories and Greenhouse Gas Accounting Tool
for Chinese Cities (https://ghgprotocol.org/chinese-city-tool; accessed on 3 May 2024,
Greenhouse Gas Accounting Tool for Chinese Cities (Pilot Version 1.0), http://pdf.wri.
org/ghg accounting_tool_for_chinese_cities_guidance.pdf; accessed on 3 May 2024). This
investigation focused on direct and indirect carbon emissions from different processes of
IWWTPs and DWWTPs in 2020 and evaluated the benefits of carbon emission reduction
after the centralized utilization of recycled water. In addition, strategies for the reduction
in carbon emission, recycling crystalline miscellaneous salt in INWTPs and re-utilizing
biomass energy from the DWWTP, were also reported in this study.

2. Methods and Materials
2.1. An Overview of the INWTP

The INWTP, located in an industrial park in Shaanxi Province, occupies 358,700 km?
and supports a 30,000 m3/d capacity of wastewater treatment and is devoted to treating
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the industrial wastewater from various chemical manufacturers (Tables 1 and S1). The
treatment processes included pretreatment, membrane concentration, and evaporation
crystallization. The effluent of the INWTP was recycled until meeting the criteria (T/CUWA
50055-2023; https:/ /www.cuwa.org.cn/xianxingtuantibiaozhun.html, accessed on 3 May
2024), while the crystallized salt and sludge were transported to a landfill. These processes
were typical industrial wastewater treatment process in northwest China. A flow chart of
the IWWTP and carbon emission is illustrated in Figure 1.

Table 1. Wastewater capacity for INWTP and DWWTP in 2020.

Month IWWTP (x10* m®) DWWTP (x10* m?)
1 66.7139 68.485
2 58.3853 50.443
3 54.2453 64.163
4 58.8956 73.127
5 50.8384 81.678
6 54.8501 83.109
7 46.5732 91.719
8 62.419 92.397
9 67.9071 88.735
10 54.1464 86.85
11 46.666 84.894
12 46913 85.535
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Figure 1. The operational processes of the IWWTP.

2.2. An Overview of the DWWTP

The DWWTP, located in an industrial park in Shaanxi Province, occupies 73,000 km?
and supports a 30,000 m3/d capacity of wastewater treatment (Tables 1 and S2). The major
treatment processes of this DWWTP were the sand tank, anaerobic/anoxic/aerobic (AZ/0)
process, and sedimentation tank. The recycled water was treated by precipitation filtration
and then discharged after meeting both the discharge standard for the WWTP and the
reuse of urban recycling water—the water quality standard for industrial use. A flow chart
of the DWWTP and carbon emission is presented in Figure 2.
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Figure 2. The operational processes of the DWWTP.
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2.3. Analytic Methods

The direct and indirect carbon emissions of both the INWTP and DWWTP were
calculated. The carbon emission reductions achieved by water and salt recycling were
also analyzed.

2.3.1. Direct Carbon Discharge Calculation

Direct carbon emissions, in terms of CO,, CHy4, and N,O, refer to the greenhouse gases
that were directly discharged into the atmosphere during the treatment processes.
The carbon emission calculation formula of CHy is shown as follows [18]:

CEEch, = Q % Bcn, x Egop x (Ci,sop — Ce,BoD) )

In the formula, CEEcy, represents the CHy emission (kg COy); Q indicates the inflow
volume of the wastewater treatment plant, which is in the unit of m> (month); BcH,
represents the conversion coefficient of the CHy emissions, taking the value of 28 (IPCC
2014 ) [21]; Epop shows the CH,4 emission factor for BOD (Biochemical Oxygen Demand)
as 0.086 kg (CHy)/kg (BOD) (IPCC 2014); C; pop and C, pop indicate the influent and
effluent concentrations in terms of BOD in kg/m?. For the treatment processes of industrial
wastewater, the formula will be modified for wastewater containing high carbon loading,
and organics in industrial wastewater are often expressed in terms of COD.

The formula for carbon emission caused by NO is as follows:

CEEN,0 = Q X BN,0 X En,0 X (Citn — Ce7N) (2)

In the formula, CEEN,o represents N>O carbon emission (kg CO».); Bn,0 indicates
the conversion coefficient of N,O emission, taking the value of 298 (IPCC 2014); En,o
represents the emission factor of 0.035 kg (N2O)/kg (TN) (IPCC 2014); C; ry and C,, 7N
indicate the TN concentrations of the influent and effluent in kg/m?3, respectively.

The formula for carbon emission caused by CO; is as follows:

CEEco, = Q x Eco, X (Ciarx — Ce ALK) 3)

In the formula, CEEco, indicates the CO, emission produced in the carbonate alka-
linity decomposition from industrial wastewater treatment, presented in the unit of kg
COse; Eco, represents the CO, emission factor for alkalinity (ALK) of 0.7213 kg (CO;)/kg
(ALK), respectively [22]; C; o1k and C, 41k indicate the concentration of the carbonate
alkalinity of the inflow and effluent in unit Kg/m?3, respectively (chemical transformation
is HCO;~ + H = H,O + COy).

2.3.2. Indirect Carbon Discharge Calculation

Indirect carbon emissions are generated by electricity and reagent consumption, which
are involved in aeration, water pump lifting, electrical equipment, sludge pressure filtration,
air compressors, heat pumps, and the consumption of all kinds of reagents. Indirect carbon
emissions are calculated by the following formula:

n
CEE; = ) EjW; (4)
j=1

In the formula, CEE; represents indirect carbon emissions in terms of CO, emission
(kg COgye); E; represents the CO, emission factors of energy consumption and agent con-
sumption. W; represents the level of energy consumption and reagent consumption in
terms of kWh. And the energy consumption factor is 0.997 kg (CO,)/kW-h [23]. The
agent consumption factors of sodium hydroxide, flocculant PAM (polyacrylamide), dis-
infectant (sodium chloride), and hydrochloric acid are 1.74, 25, 1.4, and 1.6 kg (CO,)/kg,
respectively [24,25].
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2.3.3. Carbon Emission Reduction Calculation

The value of carbon emission reduction is mainly evaluated in terms of the carbon
emission reduction in electricity and chemical consumption from the decrease in the water
and salt product demand for the reclaimed water and crystalline salt of sewage treatment
plants; the formula is presented as follows:

n
TGWg =V x ) EiW; ®)
j=1

In the formula, TGWFp represents the extent of CO, emission reduction, presented in
the unit of kg COy; E; represents CO; emission factors such as electricity consumption and
flocculant PAM, while the emission factor of the basalt is 1.6 kg (CO,)/ kg [26]; W represents

the energy consumption; V(m?) is the volume of reclaimed wastewater generated by the
wastewater treatment plant.

3. Results
3.1. Direct Carbon Emission Accounting
3.1.1. Analysis of Direct Carbon Emission Characteristics of INWTP

The data of the chemical consumption, energy consumption, wastewater quality, and
wastewater quantity of the INWTP and DWWTP in the high-tech industrial park in 2020
are shown in Figures 3 and 4.

3
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Figure 3. Variation in TN, BOD, COD, alkalinity, and electricity consumption in IWWTP from January
to December.
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Figure 4. The change in TN, BOD, COD, and electricity consumption in the DWWTP from January to
December.
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The quality of the influent and effluent wastewater of the IWWTP are presented in
Table 2, in terms of the average content of BOD, TN, and carbonate alkali in the influent
and effluent of the IWWTP from January to December in 2020. The level of direct carbon
emission was calculated by Formulas (1)—(3) and is shown in Table 3.

Table 2. Quality of influent and effluent wastewater of INWTP in 2020 (mg/L).

COD

HCO;~ BOD; TN

Influent

Effluent

Influent Effluent Influent Effluent Influent Effluent

3043 £ 5.5

222 £1.6

328.29 £ 60.1 12.26 + 4.0 6.05+24 549 £22 438,50 £ 83.6  72.00 £13.7

Table 3. The data of direct carbon emission in the IWWTP in 2020 (t COp).

Quarter CHy4 N,O CO, Direct Carbon Emission
1 2.42 37.66 384.34 42442
2 2.28 16.25 362.27 380.80
3 2.28 23.19 446.51 471.98
4 1.97 11.57 330.78 344.31
Sum 8.95 88.67 1523.90 1621.51

The direct carbon emissions of the IWWTP were 1621.51 tCOj, in 2020, which were
mainly produced by the carbonate alkalinity and acid neutralization reaction and accounts
for about 94% of the total carbon emissions (Table 3). Meanwhile, N,O emission made
up 5.5% of the total carbon emission; the carbon emission caused by CHy contributed
to the smallest part (0.5%). With the season change, Q3 of the IWNWTP contributed the
largest portion to direct carbon emissions (471.98 tCO»); Q4 (as the smallest contribution)
only accounted for 244.31 tCO,.. CH, and N,O emissions continued to decline with the
season change.

3.1.2. Analysis of Direct Carbon Emission Characteristics of DWWTP

The quality of the influent and effluent wastewater of the DWWTP are presented in
Table 4, based on BOD and TN content in the influent and effluent of the DWWTP from
January to December 2020. And the direct carbon emission data were calculated according
to Formulas (1) and (2) and are shown in Table 5.

Table 4. Quality of influent and effluent wastewater of DWWTP in 2020 (mg/L).

COD BODs TN
Influent Effluent Influent Effluent Influent Effluent
523.80 + 103 21.13 + 3.9 271.44 £+ 56 3.13+1.9 61.93 + 24 13.22 £2.7

Table 5. Direct carbon emission in the DWWTP in 2020 (t COp).

Quarter CHy4 N,O Direct Carbon Emission
1 1268.62 992.15 2260.77
2 1521.12 1323.73 2844.85
3 1693.36 1068.54 2761.91
4 1624.54 1379.88 3004.42
Sum 6107.64 4764.30 10,871.94

The direct carbon emission from the DWWTP was 10,871.94 tCO,, in 2020, which
was mainly produced by CHy carbon emission and accounts for about 56.18% of the direct
carbon emission; CHy4 carbon emissions were mainly generated by BOD reduction (Table 3).
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Meanwhile, N,O emission occupied 43.82% of the direct carbon emission. Additionally, the
direct carbon emissions had a fluctuating upward trend quarterly, and the contribution of
CHy to carbon emission was higher than that of N,O, which was consistent with previous
findings [11].

3.2. Indirect Carbon Emission Accounting
3.2.1. Analysis of Indirect Carbon Emission Characteristics of INWTP

According to the consumption of electricity and chemicals of the IWWTP in 2020, the
level of indirect carbon emission is calculated by Formula (4) and shown in Tables 6 and S3.

Table 6. The date of indirect carbon emission in the IWWTP in 2020 (t COp,).

Chemical Addition .
Quarter  Electricity Indlrec't C.arbon

NaOH Coagulation HC1 Sum Emission

1 5378.59 7029.93 59.38 3396.01 10,485.31 15,863.90

2 5286.07 6830.96 65.63 2858.47 9755.06 15,041.14

3 4893.97 7729.56 71.88 3523.66 11,325.09 16,219.06

4 5643.34 8630.78 61.25 3999.48 12,691.51 18,334.84
Sum 21,201.97  30,221.24 258.13 13,777.62  44,256.98 65,458.95

Table 6 shows that the indirect carbon emission of the IWWTP was 65,458.95 tCO,, in
2020. The main contributor to carbon emission was from the consumption of chemicals,
accounting for 67.61% of the total indirect carbon emission, and the rest of the indirect
carbon emission depended on electricity consumption. In terms of the consumption of
chemicals, the carbon emission of the consumption of liquid alkali accounts for the largest
proportion of the total amount of indirect carbon emission, which was 46.17%, while
hydrochloric acid consumption accounts for 21.05%, and PAM consumption occupies the
smallest portion. With the seasons changing, the indirect carbon emissions show a gradual
growth trend. Compared to Qs, Q4 was augmented by 2115.78 tCOy,, which is mainly
related to the significant increase in liquid alkali and electricity consumption. In comparison,
electricity consumption contributed the lowest carbon emissions in Q; and Q3, which means
that the variation in temperature led to a direct impact on electricity consumption.

3.2.2. Analysis of Indirect Carbon Emission Characteristics of DWWTP

Based on electricity and chemical consumption in the DWWTP in 2020, the level of
the indirect carbon emission is calculated by Formula (4) and shown in Tables 7 and S4.

Table 7. Indirect carbon emission in the DWWTP in 2020 (t COy).

Chemical Addition .
Quarter Electricity - Indlrec‘t C.arbon
PAM Disinfectant Sum Emission
1 1162.62 101.88 110.61 212.49 1375.11
2 1297.45 157.25 175.59 332.84 1630.29
3 1451.76 125.00 184.44 309.44 1761.20
4 1532.62 184.50 177.91 362.41 1895.03
sum 5444.45 568.63 648.55 1217.18 6661.63

Table 7 shows that the indirect carbon emission of the DWWTP was 6661.63 tCO»,
in 2020. The main contributor to carbon emission is the consumption of electric energy,
accounting for 81.73%, and the following ones are the consumption of disinfectant (sodium
chlorate) and PAM. In the consumption of chemicals of carbon emission, disinfectant
consumption accounts for 9.74% as the largest proportion, followed by PAM consumption.
With the seasons changing, it can be concluded that Q4 had the largest indirect carbon
emission, which was mainly related to the large consumption of electricity and chemicals.
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3.3. Carbon Emission Calculation
3.3.1. Analysis of Total Carbon Emission Characteristics of IWWTP

The total carbon emission of 2020 is presented in Figure 5, and the total carbon
emissions from the INWTP were in a fluctuating growth trend from January to September.
And the direct and indirect carbon emissions were in positive correlation during this
period. However, from October to December, the total carbon emissions were proportional.
The peak of both direct carbon emissions and indirect carbon emissions occurred in Nov,
which were 6473.03 and 95.41 tCOy,, separately. This phenomenon was mainly related
to temperature variation. With the quarterly changes, the direct carbon emissions of the
IWWTP in Q4 were the lowest (about 344 tCO,,), while the indirect carbon emissions were
the highest in Q4 (which were 18,335 tCOx,).

8000 : L
—O= Indirect carbon emission

—r=— Direct carbon emission

—<= Volume of water treatment 200

~ \/\-.
A

4000 - I I —I— / \\ — |

Indirect carbon emission t/month
Direct carbon emission t/month
Treatment of water volume (10000 t)™!

6 7
Month
Figure 5. The variation in the total amount of carbon emission in the IWWTP in 2020.

As presented in Tables 2 and 3, the total carbon emission from the INWTP was
67,080.46 tCOy in 2020, and the carbon emission was 10.13 kg/t (per ton of water). The
indirect carbon emission contributed to 97.6% of the total carbon emission.

3.3.2. Analysis of Total Carbon Emission Characteristics of DWWTP

Table 8 presents the total carbon emission of the DWWTP in 2020. The total car-
bon emission of the DWWTP was 17,533.57 tCO,, in 2020, and the carbon emission was
1.84 kg/t. This is consistent with the previous results (0.95-2.26 kg/t) [10,27]. The direct
carbon emission accounts for 62% of the total carbon emission from the DWWTP. With the
quarter changing, the total carbon emission shows a fluctuating growth trend. The carbon
emission from the DWWTP is inversely proportional to the treated water volume.

Table 8. The total amount of carbon emission in 2020.

Direct Carbon Indirect Carbon Treated Carbon Emission
Quarter Emission/t Emission/t Volume/10,000 m®  per Ton Water kg/t
IWWTP DWWTP IWWTP DWWTP IWWTP DWWTP IWWTP DWWTP
1 42442 2260.77  15,863.90 1375.11 179.34 183.09 9.08 1.99
2 380.80 2844.85 15,041.14 1630.29 164.58 23791 9.37 1.88
3 471.98 276191 16,219.06 1761.20 176.90 272.85 9.44 1.66
4 344.31 3004.42 18,334.84 1895.03 147.73 257.28 12.64 1.90

Sum 1621.51 10,871.94 65,458.95 6661.63 668.55 951.14 10.13 1.84
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3.4. The Analysis of the Carbon Emission Reduction Effect

Based on the quarterly statistical data of recycled water from the INWTP and DWWTP
in 2020, the reductions in the carbon emission of the two investigated plants are calculated
by Formula (5) and shown in Figure 6.

1 1 1 1 1 1 1 1

% - Tons of water carbon emission (a) - Tons of water carbon emission (b)
=< 154 - Tons of water net carbon emission r - Tons of water net carbon emission
g l:l Tons of water carbon emission reduction l:l Tons of water carbon emission reduction
)
Z
= 1 L
£
= - -
s 10
=
S
<
<@
S
=)
]
5 59 L
=]
E
<
@
=
=
0 . .
1 2 3 4 1 2 3 4
Quarter Quarter

Figure 6. Variation in carbon emission and reduction with quarter: (a) INWTP and (b) DWWTP.

As shown in Figure 6, the carbon emission reduction from both the INWTP and
DWWTP is stable in different seasons, which are 1.06 kg/t and 1.16 kg/t, separately. The
average carbon emission is 9.07 kg/t and 0.7 kg/t, respectively. And the carbon emission
followed a trend of growth, which was mainly affected by the decline and rise in the
quarterly treated water volume of the two plants.

The carbon emission reduction in the DWWTP accounted for about 62.45% of the total
carbon emission, significantly 10.46% higher than that of the INWTP in 2020, which is
mainly related to the small carbon emission of the DWWTP. Therefore, reusing recycled
water in the DWWTP could substantially reduce carbon emissions, and the extent of carbon
emission reduction was significantly higher than that of the INWTP.

4. Discussion
4.1. Analysis of Carbon Emission Characteristics of Industrial and Domestic Wastewater Treatment

As presented in Table 8, the direct carbon emission of the DWWTP is 4.7 times higher
than that of the IWWTP in terms of carbon emission per cubic meter of wastewater in 2020.
CHy carbon emission produced by COD and BOD removal is the major contributing part of
the DWWTP, while it only accounts for 0.5% of the INWTP due to the low content of organic
matter in industrial wastewater. Additionally, a large amount of CO; is produced by the
decomposition of carbonate alkalinity in the process of industrial wastewater treatment
processes, which accounts for 94% of the total direct carbon emissions.

The indirect carbon emission from the INWTP is 13.98 times higher than that from the
DWWTP in terms of carbon emission per cubic meter of wastewater in 2020 (Table 7). The
carbon emission of chemical consumption is the major contributor to carbon emission, fol-
lowed by that of electricity consumption. In comparison, the carbon emission of electricity
consumption from the DWWTP accounts for about 81.73% of the total carbon emission,
followed by chemical consumption, which is similar to that reported by [28]. However,
Gruber et al. [29] reported that the carbon emissions of electricity consumption account
for 43.4% of the total carbon emission. Hence, the contribution of electricity to the carbon
emission varies around the world.

In the present study, the chemical consumption of the INWTP primarily comes from
the application of sodium hydroxide and hydrochloric acid. A total of 22.9 thousand
tons of chemicals was consumed in 2020, which is far more than the consumption of the
DWWTP (7 thousand tons). Furthermore, the electricity consumption (3.5 kW-h/m?) of
the IWWTP (75% is from reverse osmosis and evaporation solvent crystallization) was
3.7 times higher than that of the DWWTP, which indicates that high energy consumption
and operational cost are the main reasons for the generation of the greenhouse gases of the
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IWWTP. In the IWWTP, the use of chemical agents accounted for 67.61% of indirect carbon
emission. With the seasons changing, the indirect carbon emissions of these two WWTPs
in Q4 were larger than those in other periods, which could be achieved by the lowered
efficiency of chemicals at low temperature, decreased RO (reverse osmosis) recovery, and
increased energy consumption of outdoor equipment in winter [30]. Considering the
information in Figure 5 and Table 7, the carbon emission from the IWNWTP (10.13 kg/t,
indirect carbon emission is 9.79 kg/t) was 5.5 times higher than that from the DWWTP
(1.84 kg /t) in 2020. The DWWTP degraded organic contaminants via oxidation, nitrification,
and denitrification. Meanwhile, the INWTP could neutralize and separate the inorganic ion
from water via the consumption of chemicals and electricity [31,32]. In addition, the carbon
emission of these two WWTPs is inversely proportional to the treated water volume, which
is consistent with the results of the carbon emission of some WWTPs in the UK, India, and
China [18,33]. This result reflects the importance of centralized wastewater treatment to
achieve the reduction in regional carbon emission.

4.2. Benefit Analysis of Carbon Emission Reduction in Industrial and Domestic Wastewater Treatment

Both INWTPs and DWWTPs have achieved carbon emission reduction after water
reclamation and reuse (Figure 6). In 2020, the carbon emission reduction in IWWTPs and
DWWTPs accounted for 10.46% and 62.45% of the total carbon emission, respectively.
The percentage of carbon emission reduction in the DWWT was higher than that of the
IWWTP. In addition, if the recycled water from the DWWTP in the industrial area was at
the price of USD 0.7 per m? (the price of tap water in this area), the DWWTP could earn
USD 6 million per year. Hence, developing the recycled water technology of the DWWTP
would be helpful to achieve the regional goal of carbon emission reduction and obtain
economic benefit as well.

4.3. Strateqy Analysis of Carbon Neutralization in Industrial and Domestic Wastewater Treatment

Carbon neutralization is defined as the absorption or neutralization of the total carbon
emission in energy conservation and deduction in a specific period in order to balance the
carbon emission and carbon absorption in the long term [27]. The recycling of industrial salt
and chemical energy could achieve a carbon emission reduction of 4.79 kg/t and 0.12 kg /1,
accounting for 52.81% and 17.14% of the net carbon emissions of industrial wastewater
treatment plants and domestic wastewater treatment plants. And the transformation of
operational processes would be one of the most efficient methods for the reduction in
carbon emissions.

The net carbon emission of the IWWTP is 9.07 kg/t (Figure 6). To achieve the goal of
carbon neutralization, the solid crystalline impurity salt (such as the sodium chloride and
sodium sulfate preparation of industrial salts) produced by the INWTP could be reduced
and recycled by separation and purification; some of this salt could be sold as raw materials
for cosmetics and textiles [34]. And then, some of this salt could be refined into industrial
products, such as sodium hydroxide, sodium carbonate, and hydrochloric acid, which
would be helpful to reduce the demand for external chemicals in WWTPs [20,35], realize
self-sufficiency chemicals in the process of sewage treatment, and even transport and
sell them. In addition, industrial sewage plants could produce about 20,000 tons of solid
heteropoly salt every year. If this salt were separated and purified into industrial sodium
chloride and sodium sulfate via the technology of fractional crystallization, then sold to
chemical industrial companies at a price of USD 30/ton, the annual profit could be about
USD 600,000. At the same time, if the carbon emission factor of the by-product of salt is
calculated as 1.6 kg (CO;)/kg (salt), the carbon emission reduction can be 4.79 kg according
to Formula (5). More than 52.81% of the carbon emission reduction in the existing INWTP
would be further reduced. Thus, the economic and environmental benefits are significant.

Compared to IWWTPs, the remaining net carbon emission of DWWTPs is small
(about 0.7 kg/t), which facilitates the achievement of the carbon neutralization goal. Or-
ganic pollutants in DWWTPs contain a large amount of organic chemical energy (about
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1.5-1.9 kW-h/m?) by using anaerobic digestion to transfer COD to CHy and then recycling
electricity through coupling heat and power technology [36]. This technology has been
applied to WWTPs in Gaobeidian, Beijing. As a result, 14% of chemical energy can be recy-
cled [16], which replaced 18-20% of electricity. H Giilen et al. (2019)’s research found that
biogas recovery reduced greenhouse gas emissions, and their highest reduction in indirect
carbon emissions was 97%. Therefore, if the chemical energy of the DWWTP can be recycled
to replace 20% of the current electricity consumption, the indirect greenhouse emission per
ton of water can be reduced by about 0.12 kg/t, and the net carbon emission of the DWWTP
will also drop to 0.58 kg/t. Previous studies have shown that microalgae and cyanobacteria
can recover nutrients from wastewater and then form biomass energy [2,33,37]. To alleviate
the generation of greenhouse gases, biomass energy is used to produce cosmetics, feed,
drugs, ethanol, lipids, polysaccharides, and other high-value products [38—41].

5. Conclusions

This paper calculates and compares the carbon emission characteristics of industrial
and domestic WWTPs in a high-tech park in Shaanxi and the benefits of carbon emission
reduction in recycled water utilization. The investigation also discusses and analyzes
carbon emission reduction approaches (such as recycling industrial waste salt and organic
chemical energy) and provides guidelines for realizing the low-carbon operation of WWTPs.

(1) Inthe present work, the carbon emissions of the INWWTP and DWWTP were 10.13 kg /t
and 1.84 kg/t in 2020, respectively, leading to a corresponding total carbon emission
of 67,080.46 and 17,533.57 tCOy. The huge difference is caused by their varied
influent characteristics.

(2) Indirect carbon emissions (chemical and energy consumption) play a dominant role
in the total carbon emission of the IWWTP, which account for about 97.6% of the
total amount. Meanwhile, direct carbon emissions account for about 62% of the total
carbon emissions in the DWWTP, followed by indirect carbon emissions generated
due to electricity consumption (31.06%) and chemical consumption (6.94%).

(3) Wastewater reclamation and reuse from industrial and domestic WWTPs could reduce
the carbon emission per ton of water by 1.06 kg/t and 1.16 kg/t, accounting for
about 10.46% and 62.45% of the current emission, respectively. The carbon emission
reduction efficiency of the DWWTP is significant. Recycling industrial waste salt and
organic chemical energy can further reduce carbon emissions and achieve the goal of
the carbon-neutral operation of WWTPs.
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