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ABSTRACT

This study evaluates the environmental and economic performance of a wastewater reuse system (MBR + UF/RO) in Jeju
under varying levels of variable renewable energy (VRE) utilization. Hourly-resolution data (8,760 hours) on electricity gen-
eration mix and wastewater treatment operation were used to conduct dynamic life cycle assessment (dALCA) and techno-eco-
nomic assessment (TEA). Under a PPA-based electricity procurement framework, nine scenarios were analyzed by combining
renewable energy penetration levels (0-80%) with two operational strategies: WWTP-coupled (F1) and VRE-following (F2).
The results show that increasing renewable energy penetration reduces GHG emission intensity by up to approximately 70%
per unit of reuse water. The marginal abatement cost (MAC) ranges from 34 to 41 thousand KRW/tCOseq and exhibits
a non-linear pattern, peaking at 40% penetration before declining at higher levels. In addition, the F1 strategy consistently
achieves higher emission reductions and lower MAC compared to F2. These findings highlight the importance of temporal
alignment between electricity procurement and operational strategies and emphasize the need for MAC-based decision-mak-
ing in decarbonizing public infrastructure systems.
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Table 1. Summary of goal & scope definition

Item Information

To evaluate the marginal abatement cost
(MACQC) of alternative electricity
procurement strategies (F1 & F2) for public
wastewater reuse systems under increasing
PPA penetration.

WWTP coupled with MBR + UF/RO
Reuse-water system (22,000m’/day)

PPA penetration (0-80%); Operation mode
(F1: WWTP-coupled, F2: VRE-following);
Total scenarios (n = 9)

Goal and
scope

Studied system

Studied
scenarios

Functional unit 1 m?® of reuse water

Location Jeju
biﬁfltganrly Cradle-to-Gate (operational phase)
Temporal 1y wly (8,760 hr)
resolution
PPA contact ¢ 7 KRW/kWh)
price
Assessment GHG emission intensity (COy/nr),
methods Water unit cost (KRW/m®)

— LPTE LI L e L ———
Cradle to Gate

Primery second: Advanced
N andary
Influent Screening clarification treatment h‘::é%"'

2 “*@*T

Chemicals

reservoir

Sludge

digester Marine discharge

ainlan PPA
& -
L E ] q o VASSS
LNG PV power PV power . y '
i 8
- .n HOVC Blogas
LA —h -
Blo-heavy  Wind Wind .
i) - 7 Y

Fig. 1. System boundary and process flow of the
Jeiu WWTP-UF/RO reuse-water system
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Cycle Assessment)E S35ttt A ARgo] o At &
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Fig. 2. Scenario framework
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Fig. 3. Hourly electricity-demand profiles by
operational family: F1 (WWTP-coupled) vs. F2
(VRE-following)

Family 2:
'WWTP Load Profile + UF/RO (Jeju VRE-
Following)
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Table 2. Summary of input datasets
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Category Data item Resolution Source Period
Influent flow Fixed [11, 12, 13] 20212024
Operational data electricity load Hourly [14] 202172024
UF/RO
.. Hourl 15 2025
electricity load oury [15]
Jeju grid mix Hourly [9, 16] 2021-2024
Electricity data HVDC imports Hourly [17] 2021-2024
PPA profile Hourly [18, 19, 20, 21] 2021-2024
. . SMP, REC Hourly/daily [17, 18, 19] 2023-2025
Electricity price )
TOU tariff Hourly [22] 2025
Membrane infra MBR, UE, RO Annualized [15, 24] -
modules
OPEX (WWTP & Labor, maintenance, = onthly [13 24, 25] 2025

UF/RO) materials, chemicals
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Table 3. Life cycle inventory database (LCI DB)

LCAOIA =24 vi& A9} TEAOA =&H vg AAEs
T A EE F9loks BReR, T CCU Y ouA] AlAH]
g7} FolollA AIQME LCA-TEA 53+ ZaQlglao] Wk
T GRRIH10]. B9] o 7lel=aiRle 7|E AlAES T
5] A7gstal, xolg Bl HRIH =% vlg-S APgEo 2
v 7Fs43S S5l gt 352 FoZ AAHIL ek

MACE 7] AU 2(0% PPA) tH]| AlUE] 9] Ht

LCI DB (Power Generation)

Name Unit Location Reference

Bio Heavy Oil 1kWh KR KIETI LCI DB 2024 [26]

Nuclear 1kWh KIETI LCI DB 2024 [26]

Steam power (hard coal) 1kWh KR KIETI LCI DB 2024 [26]

Wind (on-shore) 1kWh KR KIETI LCI DB 2024 [26]

Combined cycle (natural gas) 1kWh KR KIETI LCI DB 2024 [26]

Steam power (natural gas) 1kWh KR KIETI LCI DB 2024 [26]

Solar (open ground installation) 1kWh KR KIETI LCI DB 2024 [26]

Hydro (small hydro) 1kWh KR KIETI LCI DB 2024 [26]

Hydro (convectional) 1kWh KR KIETI LCI DB 2024 [26]

Hydro (pump storage) 1kWh KR KIETI LCI DB 2024 [26]

Steam power (heavy oil) 1kWh KR KIETI LCI DB 2024 [26]

Internal combustion (heavy oil) 1kWh KR KIETI LCI DB 2024 [26]

LCI DB (WWTP, UF/RO)
Name Unit Location Reference

Ultrafiltration module 1kg GLO Ecoinvent v3.11 (cut-off) [27]
Reverse osmosis module 1kg GLO Ecoinvent v3.11 (cut-off) [27]
MBR module 1kg GLO Ecoinvent v3.11 (cut-off) [27]
NaOCl (12%) 1kg RoW Ecoinvent v3.11 (cut-off) [27]
Antiscalant (100%) lkg RoW Ecoinvent v3.11 (cut-off) [27]
Organic (NaOCl, 12%) 1kg RoW Ecoinvent v3.11 (cut-off) [27]
Inorganic (HCI 35%) 1kg RoW Ecoinvent v3.11 (cut-off) [27]
Organic (NaOH, 98%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
Inorganic (citric acid, 50%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
NaOCl (12%) 1kg RoW Ecoinvent v3.11 (cut-off) [27]
NaOH (4.5%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
Polyaluminium chloride lkg GLO Ecoinvent v3.11 (cut-off) [27]
(aniofl)lci)(lz?/accaft}i,:)ill?cl,dZO%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
FeCls (38%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
SBS (NaHSOs) (38%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
Citric acid (50%) 1kg GLO Ecoinvent v3.11 (cut-off) [27]
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Fig. 4. GHG emission reduction per unit of reuse
water by PPA penetration
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Fig. 5. Comparison of marginal abatement cost
across PPA scenarios and operational strategies
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