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1 ABSTRACT

The world’s population will increase to 9.4 billigeople by 2050 and 70% of whom will be living irfban
areas. Such urbanization with population growth madistrial development demands in turn createes ne
for the planning, design, and construction of emwnental infrastuctures (e.g., water and wastewater
treatment plants: WTPs and WWTPs). The environnémfi@structures are essential to provide citind a
towns with water supply, waste disposal, and pialfutontrol services.

During the operation of WTPs and WWTPs, massiveuwnof energy, fuels, and chemicals are consumed.
Therefore, they could be major contributors to areeenhouse gas (GHG) emissions (i.e., 17% of GHGs
are generated from water and sewer sector in uabaea). To make cities resilient and sustainable, th
emission of GHGs from WTPs and WWTPs should bemedéd as accurately as possible and effective
mangement plans should be set up as soon as @gossibl

A comprehensive model was developed to quantilgtiestimate on-site and off-site GHGs generatethfro
WTPs and WWTPs. The model was applied to an addaWeEP (treating 200,000 m3/d of raw water with
micro-filtration membrane) and a hybrid WWTP (tirgt5,500 m3/d of municipal wastewater with five-
stage Bardenpho processes). The overall on-siteotirgite GHG emissions from the advanced WTP and
hybrid WWTP were 0.193 and 2.337 kge@i*m3. The major source of GHG generation in ttieaaced
WTP was off-site GHG emissions (98.6%: productibitiemicals consumed for on-site use and elegtricit
consumed for unit-process operation). On the ollard, on-site GHG emissions related to biochemical
reactions (64%) was the main GHG source of theidhy®wWTP.

Reducing electricity consumption in advanced WTBsla be the best option for generating less GHG
emissions and acquiring better water quality. Masioptions (C©capture and conversion to other useful
materials, recovery and reused of LHNd operation of WWTPs at optimal conditions)|dagignificanlty
reduce the total amount of GHG emissions in hyBMAVTPs. The results could be applied to the
development of green and sustainable technologgirig to a change in paradigm of urban environnhenta
infrastructure.

Keywords: wastewater treatment plant, water treatmplant, urban environmental infrastructure,
greenhouse gas, sustainable technology

2 METHODOLOGY

2.1 System boundary

The system boundaries and the emission pathwayshefadvanced WTP and hybrid WWTP are
demonstrated in Fig. 1 and 2. The system boundaagwanced WTP includes a chemical supply, a rapid
mixing, a flocculation, a micro-filtration (MF) mémane, and an ozone disinfection process. In chdgo
hybrid WWTP, this includes a primary clarifier (P@) five-stage Bardenpho process [anaerobic (ANAE),
first anoxic (ANOX1), first aerobic (AER1), secoadoxic (ANOX2), and second aerobic (AER?2) stages],
second clarifier (SC), a filter bed (FB), and aasiolet disinfection (UVD) process. The baseltask of
WTP was treating 200,000 m3/d of raw water withNIOU to 0.005 NTU and that of WWTP was dealing
with 5,500 m3/d of wastewater (200 mg/L influent Bto meet the effluent standard (less than 10 mg/L
BOD, 20 mg/L TN, and 0.5 mg/L TP). Typical opergtronditions and parameters of the WTP and WWTP
in South Korea were used to estimate GHG emissions.

2.2 Estimation of GHG emissions from the WTP and WWTP

There are two types of GHG emissions generated ftemWTP and WWTP. We define on-site GHG
emissions stem from biochemical reactions in umibcpsses. Off-site GHG emissions are due to
consumption of electricity and fuel for unit prosesperations as well as for the production and
transportation of chemicals for on-site consumptidie developed a comprehensive model for the atura
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estimation of on-site and off-site GHG emissionat tbould provide a rational basis for tactics ukéfu
establishing sustainable environmental infrastmastu

2.2.1 Estimation of on-site GHG emissions

In case of the WTP, on-site GHG emissions {C&e mainly caused by alkalinity consumption darin
chemical reactions of coagulants (aluminum sulfegeic sulfate, and poly aluminum chloride) andfers

anions (C&@ and HCQ) in mechanical mixing processes. On the other NAAYTP produce three primary
on-site GHGs (C@ CH,, and NO) during wastewater treatment, sludge digestind,system maintenance.

2.2.2 Estimation of off-site GHG emissions

Off-site GHG emissions converted from the consuampwf electricity for operating unit processes. The
emission factor (0.5584 kgG&kWh) for electricity use were obtained by consiugthe portions of power
provided by different electric-power sources in tBoorea. The amount of GHG emissions related to
chemical production and transportation was caledldty multiplying the emission factor of each cheahi
by its daily consumption.

Off-site CO, emission On-site CO, emission

-
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Fig. 2: The system boundary and emission pathwalyeohybrid WWTP

3 RESULTS AND DISCUSSION

The GHG emission from each unit process of the mck@ WTP under usual operating conditions are shown
in Table 1. An enormous amount of electricity wassumed for unit process operations in the advanced
WTP, causing it to generate 7,636 + 1,558 kg&@®of GHG(19.8% of overall emissions of the plarthe

MF membrane process consumed the most electrstitge continuous high pressure (100 kPa) was redjuir
for the proper operation of the membrane systers dénsumed 6,716 + 536 kWh/d for filtration and. 15

12 kwh/d for backwashing; resulting in 3,835 + 3@fCOe/d of GHGemission from the process. Ozone
disinfection ranked™ (2,759 + 1,107 kgCg@/d) for GHG emissions in unit processes, consumifgl +
1,982 kWh/d electricity to meet the required ozosemand (3mg/L). To keep the ozone feeding
concentration constant at 3 mg/L, 704.6 kg of ozneeds to be produced and introduced to the process
under 85% ozone transfer rate. Rapid mixing anctctitation in the advanced WTP produced 659 + 92 and
383 + 53 kgC&e/d of GHG, and consumed 1,181 + 165 and 686 7\V9B/# of electricity, respectively. On-
site GHG emission from the advanced WTP was 3955%khCQe/d when aluminum sulfate was used as a
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coagulant. The on-site GHG emission from the adedn@/TP amounted to 1.0% of its overall GHG
emissions. Chemical transportation (0.4%) rareflu@nced overall GHG emission in the advanced WTP.
Reducing electricity consumption in advanced WTBsla be the best option for emitting less GHG
emission and getting better water quality. Basidanstanding of electricity consumption factors dmeir
impacts can directly contribute to the reductiorCa), emissions during advanced WTP operations. It can
also be applied to the development of novel waatient technology with low GHG emissions, as asll
for decision-making on GHG emission policies argdlion tactics for WTPs.

Emission type Category Emission (kge@l) | Summation (kgCg@/d) | Ratio (%)
Electricity consumption 7,636 £2,217 19.8
Off-site GHG emission| Chemical production 30,400 + 1,958 38,197 £ 2,922 78.8
Transportation 161+8 0.4
On-site GHG emission| Chemical reaction 395 +115 58915 1.0
Overall GHG emission 38,592 + 3,005 100

Table 1: The total amount of on-site and off-sité@Gemissions from the advanced WTP

The amounts of on-site GHG emissions produced fraom unit process in the hydbrid WWTP are shown in
Table 2. The results showed that AER1 is the mamurce (7,095+570 kgGe&/d) of on-site GHG
production in the hybrid WWTP, covering 86.0% otaloon-site GHG emissions. This is because the
substantial amounts of major GHGs dissolved andraatated in wastewater and sludge floc, can easly
stripped off and released by aeration. The amo@int@, (3,673+265 kgCge/d) and NO (2,646+247
kgCQe/d) emissions was 4.73 and 3.41 times, respegtibégher than that of CHemissions (776158
kgCOse/d) in these processes. The solubility of,@034 M/atm) and pD (0.024 M/atm) was much higher
than that of Cl (0.0013 M/atm), leading to higher dissolution amtumulation of C®and NO than of
CH, in suspension, and to higher emissions of &l NO during aeration. The second largest on-site GHG
emission source was the ANAE (510+£36 kg€id) process due to high ¢ldmission (497+35 kgCg@/d)
during the anaerobic degradation of organic mdterMethane could be directly released from wastemwa
to the atmosphere due to its low solubility anchhégpacity for mass transfer. Considerable amaoafnts-

site GHG emissions were also released from PCinigedibating organic matter before aeration, arahfr
SC removing soluble organic matter and sludge aféeation, due to substantial removals of carbanace
materials and nutrients in the processes. On-g4it€& Groduction from PC was 366+36 kgeliddue mainly

to CH, emission, while that from SC was 252+31 kg€ddue to NO emission. This indicates that the
different roles assigned to the unit processesimfurence the amount of GHG emissions and theietyp
Relatively small amounts of GHG emissions were tbdrom ANOX1 (16.8+1.2 kgCég/d), ANOX2
(15.1+3.1 kgC@e/d), and AER2 (9.4+1.1 kgGerd) due to slight removals of carbonaceous masesiad
nutrients in the processes, and/or substantial @HBsions from AER1. According to the results ahove
total on-site GHG emissions related to biochemiezctions at the hybrid WWTP were 8,264+678

kgCOse/d. This indicates that considerable amounts oG&ldre generated by biochemical reactions during
WWTP operations.

Unit process CO, emission CH, emission N,O emission Total
(kgCOse/d) (kgCOse/d) (kgCOse/d) (kgCOse/d)
PC 7.7+0.7 287127 71.2+7.9 366136
ANAE 1.3+0.1 497+35 11.440.8 510+36
ANOX1 1.840.2 0.4+0.1 14.610.9 16.8+1.2
AER1 3,673+£265 776158 2,646+247 7,095+570
ANOX2 2.1+0.3 0.1+0.0 12.94+2.8 15.143.1
AER2 2.3+0.3 0.6+0.1 6.5+0.7 9.4+1.1
SC 13.242.0 1.1+0.2 238+29 252+31
Total 3,701+269 1,562+120 3,001+289 8,264+678
(kgCOse/d) 8,264+678

Table 2: The amounts of on-site GHG emissions geeéifrom each unit process in the hybrid WWTP
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The total amounts of off-site GHG emissions frora tiybrid WWTP, and the percentage contribution of
each category, are presented in Table 3. The seshiwed that the manufacturing of chemicals aet th
transportation for on-site use is the major sounfeoff-site GHG generation in the hybrid WWTP
(2,698+336 kgCge/d), and that this amounts to 58.8% of total d#-sGHG emissions (4,591+576
kgCOse/d). Among the chemicals, alkaline materials (28386 kgCQe/d) and ferric-chloride (1,178+132
kgCQ.e/d) were the main contributors to off-site GHG &sions by chemical production and transportation.
This is due to the high GHG emission factor forsthehemicals and to the relatively high demandHem
during the wastewater treatment processes. Thisate$ that the methods used to manufacture angegon
chemicals for on-site use can significantly infloeroff-site GHG emissions, and suggests that altewn
methods for producing lower amounts of GHGs araired to effectively reduce off-site GHG emissions,
without affecting the water quality of the treateffluent. The second greatest GHG off-site emissias
due to electric energy consumed for the unit preageerations (1,893+240 kg@&dd), covering 41.2% of
the total off-site GHG emissions. The GHG emissiaiated to electricity consumption seem to beatliye
affected by the efficiency of the operating equiptnetherefore enhancement of their efficiency by
retrofitting old equipment, as well as by optimgirunit operations and process conditions should
significantly reduce off-site GHG emissions frone tiybrid WWTP.

Category Emissions (kgGeYd) Total (kgC@e/d) Ratio (%)
Electricity consumption 1,893+240 41.2

i i 4,591+576
Chemical _productlon and 2.698+336 588
transportation

Table 3: The total amount of off-site GHG emissiémasn the hybrid WWTP

4 CONCLUSION

The comprehensive model developed in this studyenitgabssible to estimate both on-site and off-Gil#G
emissions from advanced WTP and hybrid WWTP. GHGsions were estimated exactly with respect to
system type and operating conditions. The pattefnsise for each unit-process of the environmental
infrastructures were analyzed and tactics to reénaigsions from these processes were suggesteatigty

of WTP and WWTP have been built and operated udiffierent operating conditions to properly treateva
contaminants. Their optimal types and operationditmms can be changed depending on different water
environment scenarios. The model developed inghidy cannot compare estimated GHG emissions from
entirely different types of WTPs and WWTPs, undéfecent operating conditions; in different water
environment scenarios, at this stage. Howeverpitbedel and estimated results obtained here havedadyv
fundamental knowledge useful to modify its origifi@am to allow estimation of GHG emissions from any
kind of WTP and WWTP.

The boundaries of the model can be extended aridgmie of the model can be modified to estimate GHG
emissions from different WTP and WWTP by addingleleting a variety of unit processes and associated
operating conditions. Additionally, the boundariéghis model can be extended to other environnmemta
industrial sectors (even to cities and countries@¢dtimate total GHG emissions. The model can oiifsy
real-time estimation of GHG emission from each ymicess in WTP and WWTP with real-time water
quality monitoring. This should lead to the develgmt of novel green and sustainable water and
wastewater treatment technologies with high contamti removal efficiency and low GHG emissions.
Consideration of GHG emission issues in the urbamrenmental sector is advancing the understanding
the relationship between quality and GHG. Thistuim, should assist officials in making correctdarow
indispensable, public decisions and environmentdicy In the near future, these results might abeo
applied to develop an optimization model for deieation of the proper type and unit processes (with
optimal removal efficiency and GHG emissions) undiffierent environmental scenarios.
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