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a b s t r a c t

Water reuse systems have been widely implemented across the globe as a solution to water shortage and
freshwater contamination. Ongoing controversies regarding supposedly high energy cost and the lack of
sufficient data to support benefits of water reuse are delaying further expansion of implementation of
water reuse systems in South Korea. In order to clarify the ambiguity regarding the energy demand and
provide an unbiased comparison between the water reuse alternatives and the conventional water
supply system, energy consumptions and greenhouse gas emissions in operation phases of different
water reuse facilities and the conventional water supply systemwere examined. The average total energy
consumption and the greenhouse gas emission of the conventional process were calculated to be
0.511 kWh/m3 and 0.43 kgCO2e/m3, respectively. Centralized wastewater reuse systems had prohibitively
high energy consumptions (1.224e1.914 kWh/m3) and greenhouse gas emissions (0.72e0.83 kgCO2e/
m3). The decentralized wastewater reuse systems, greywater reuse and rainwater harvesting systems, all
used for non-potable purposes, had comparable or higher energy demands than the conventional pro-
cess (0.246e0.970 kWh/m3 after adjustment), although estimated greenhouse gas emissions from these
processes were lower than the conventional process (0e0.33 kgCO2e/m3 after adjustment). Considering
the hidden environmental benefit (0.357 kWh/m3) from reduction of contaminant release, the energy
demand of greywater reuse drops far below that of the conventional system, suggesting that decen-
tralized water reuse is the key to an energy-efficient water management with minimal impact on climate
change.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Since the onset of the industrialization era, rapid population
growth and industrialization have led to various problems
regarding water management. Across the globe, increased demand
for water has led to water shortage both in residential and indus-
trial sectors (García-Montoya et al., 2016; Yang and Abbaspour,
2007; Zhang et al., 2014) and the wastewater has deteriorated in
quality and increased in quantity, threatening the quality of the
freshwater bodies where it is released to (Friedrich et al., 2009;
Rihon et al., 2002; Vince et al., 2008). As a result, the humanity is
facing myriads of water-related problems andmajor improvements
in water management strategies are indispensable for sustainable
Lee), syoon80@kaist.ac.kr
future (Alnouri et al., 2015; Bagatin et al., 2014; de Gois et al., 2015).
South Korea has been traditionally known as a country with
abundant water resources, as 58% of its land surface is covered with
freshwater bodies including rivers, lakes, and reservoirs (MCT,
2011). Abundant rainfall (the 20-year average annual rainfall of
1277 mm is equivalent to 1.6 times the global average) has been
characteristic of the region. Since the rapid industrialization that
began in the 1960s, South Korea has developed into one of the most
populous and industrialized countries in the world. As a result,
South Korea now stands as one of the most water-stressed coun-
tries with 2669 m3 of annual rainfall per capita, which is one-sixth
of the world average (MCT, 2011). The annual water withdrawal in
Korea currently amounts to an unsustainable 36% and South Korea
is now categorized as awater-stressed country (Jim�enez and Asano,
2008). Serious water shortage is expected in the near future, as a
water deficit of 8900 tons/year is expected in the industrial sector
alone by year 2020 (53.7% increase from 2007) and a total water
deficit of 13,700 tons/year is expected by year 2025 (MCT, 2011).
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One of approaches of the Korean government to overcome this
water crisis is to promote implementation of water reuse systems.
Korean government has promulgated an environmental law
enforcing incorporation of water reuse systems into designs of
newly constructed buildings and wastewater treatment plants over
certain capacities. The water reuse plan established in 2011 set a
national goal of replacing 2.544 billion m3/year of water supply
(9.64% of the total projected water demand of 2020) with reclaimed
water by 2020 (Ministry of Environment, 2011). The wastewater
reuse rate has actually increased from 10.8% to 12.6% during the
five-year span from 2009 to 2013 (Ministry of Environment, 2014).
The use of greywater and rainwater has also increased by 2.8- and
2.2-fold during the same period, respectively (Ministry of
Environment, 2014).

One of the barriers against further implementation of water
reuse systems in South Korea has been apparent lack of data to
convince the public and policymakers of the advantages of water
reuse in terms of energy costs and greenhouse gas (GHG) emis-
sions. Production and distribution of drinking water has always
been an energy-intensive process and growing demands for water
and increasingly more stringent water quality criteria have led to
larger consumption of energy and increased GHG emission (Nair
et al., 2014). Therefore, reduction of energy consumptions and
GHG emissions has become one of the primary foci in establishing
the blueprints for water management of the future (Del Borghi
et al., 2013; Lundie et al., 2004). A few studies have been per-
formed to compare energy demands and environmental impacts of
conventional water infrastructures and water reuse systems, albeit
with mixed results. Life cycle assessment (LCA) analyses of water
management scenarios in Italy and Spain estimated generally
higher energy consumptions for water reuse systems with tertiary
treatment than conventional infrastructures (Amores et al., 2013;
Del Borghi et al., 2013). On the other hand, Tong et al. (2013) re-
ported that adoption of centralized wastewater reuse scheme in an
industrial park can reduce life-cycle GHG emissions, due mainly to
lower energy demand. Decentralized reuse systems, i.e., greywater
reuse and rainwater-harvesting systems (RHS), have generally been
perceived to be energy efficient; however, a compilation of
empirical energy intensity data suggested an average energy de-
mand of 1.40 kWh/m3 for RHS, which was by far greater than the
energy intensity of conventional water supply systems reported in
the same study (0.22e0.80 kWh/m3) (Vieira et al., 2014). Due to the
paucity of reliable data and inconsistency of study results, policy
makers (e.g., the Ministry of Environment in Korea) have casted
doubts on the energy efficiency of thewater reuse systems, and this
dilemma is causing a delay in further implementation of the water
reuse plan.

In this study, we tried to resolve this ambiguity by conducting a
comparative analysis of energy consumptions and GHG emissions
in conventional water supply systems and water reuse systems
using actual operating data obtained from fully operational systems
in South Korea. In order to ensure objectivity, assumptions and
speculations were kept to minimum, and only the operation phase
was examined to avoid problematic assumptions oftenmade in LCA
regarding construction and demolition phases, e.g., underestima-
tion of the system life span (Stokes and Horvath, 2006). Also pro-
posed here is a methodology to quantify intangible environmental
benefits of water reclamation as energy gains.

2. Methods

2.1. Description of water reuse facilities

Water reuse systems vary in their sources, treatment capacity,
end-use purposes and degrees andmethods of treatment. Themost
common types of urban water reuse systems in Korea were rep-
resented with eight water reuse facilities carefully curated to cover
this broad diversity (Table 1). Another important criterion for se-
lection was the completeness of the available operation data, as a
preliminary survey of more than 100 water reuse systems discov-
ered that many water infrastructure facilities withhold their oper-
ation data from the public or have poor data collection systems.

The facilities P1, P2, and P3 are centralized wastewater reuse
facilities producing deionized water through reverse osmosis (RO).
Centralized wastewater reuse is often implemented to provide
high-quality water to industrial complexes. These facilities are, in
most cases, located at the sites of full-scale wastewater treatment
plants and thus reclaimedwater is transported through long supply
pipelines to the consumers. In the surveyed facilities, the influent is
pretreated with ultrafiltration (P1 and P3) or flocculation followed
by disc filtration and vortex filtration (P2) before being introduced
to RO for deionization. The reclaimed wastewater is provided to
steel (P1) and paper factories (P2) and electronic components
manufacturers (P3) through relatively long supply distances
(1.9e11.5 km). These end use purposes require high purity that
would require additional treatment if tap water is used. The facil-
ities P4 and P5 are decentralized wastewater reuse facilities pro-
ducing reclaimed wastewater for end-use purposes with less
stringent quality requirement, e.g., toilet flushing, gardenwatering,
andmachinery cooling. The facility P4, located within the boundary
of Incheon International Airport ground, treats wastewater
collected from the airport and airplanes using an anaerobic-anoxic-
oxic (A2O) activated sludge and sand/granule activated carbon
(GAC) filtration followed by chlorination. The facility P5, installed in
a shopping mall, treats wastewater generated within the building
using a miniature A2O activated sludge and membrane filtration
followed by ozonation.

The greywater reuse facility P6 is different from P4 and P5 in
that its source water is separately collected greywater and thus, is
contaminated to a lesser degree than ordinary wastewater. Source
water for the facility P6 is collected exclusively from water sinks.
The greywater is treated with virtually the same scheme as P5 and
supplied back to the building for toilet flushing. These decentral-
ized water reuse systems receive untreated wastewater or grey-
water as their source water. Thus, operations of these facilities
would reduce the load onto existing wastewater treatment plants
(WWTPs) and subsequent energy conservation was considered in
the analyses.

The facilities P7 and P8 are rainwater harvesting facilities. The
facility P7 is the largest rainwater harvesting facility in Korea with
106,029 m2 and 12,000 m3 as the area of the collection basin and
the volume of the storage tank, respectively. Suspended solids in
rainwater are removed by passing the collected rainwater through a
suction strainer before temporary storage in a storage tank. The
collected rainwater is then used for power plant operation after
filtration. The overall treatment scheme of P8 is identical to P7.
Rainwater is harvested on the roof catchment area (1372 m2) and is
collected in a storage tank (132 m3) by gravity drainage. Collected
rainwater is used for toilet flushing within the building after
filtration.

2.2. System boundaries

The system boundaries for the water supply and reuse systems
in this study were defined for objective comparison of energy costs
and GHG emissions resulting from operation phases of the water
infrastructures. For conventional water treatment, the system
boundary was set to encompass abstraction, treatment and distri-
bution. The system boundaries of water reuse schemes were
determined to correspond to the system boundary of the



Table 1
The characterization of water reuse facilities.

Water reuse system Treatment
capacity

Supply
distance

Pretreatment process Treatment process End use

P1 Centralized wastewater reuse 100,000 m3/d 11.5 km Ultra-filtration Reverse osmosis (RO) Industrial use
P2 12,000 m3/d 1.9 km Flocculation/vortex

Filtration
Reverse osmosis (RO) Industrial use

P3 7500 m3/d 2 km Ultra-filtration Reverse osmosis (RO) Industrial use
P4 Decentralized wastewater

reuse
30,000 m3/d A2O activated sludge Filtration/chlorination Toilet flushing, garden watering, machinery

cooling
P5 1000 m3/d A2O activated sludge Ozonation/filtration Toilet flushing
P6 Greywater reuse 100 m3/d A2O activated sludge Contact aeration/

filtration
Toilet flushing

P7 Rainwater harvesting 12,000m3a e Filtration Power plant
P8 132 m3a e Filtration Toilet flushing

a Treatment capacity of rainwater harvesting may vary. The values presented here are the capacities of storage tanks.

Fig. 1. System boundaries of the conventional water treatment system and different types of water reuse systems examined in this study.
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conventional system (Fig. 1). The water reclamation process from
uptake of the source water (wastewater, greywater, or rainwater) to
treatment and distribution was included in the system boundary
for each water reuse scheme (Fig. 1).

2.3. Energy consumption of conventional water supply system

The conventional water treatment and distribution scheme
consists of abstraction, treatment and distribution stages, all of
which are included within the system boundaries in this study. The
energy consumption of the conventional water processing was
calculated with the data obtained from the inter-regional water
supply system in Korea operated with 42 extraction facilities, 37
water treatment plants, and 23 distribution pumping stations,
based on a well-supported assumption that a water supply chain
consists of an extraction facility, a water treatment plant, and a
distribution pumping station. The total energy consumptions and
volumetric processing rates were obtained for extraction, treat-
ment and distribution steps. For each of these steps, the average
energy consumption per unit volume of water processed (1 m3)
was calculated by dividing the total energy consumption by the
total volumetric processing rate. The average energy consumptions
of the three steps were then tallied for the total energy demand per
1 m3 of processed water provided to end users, which served as the
functional unit for comparative analyses. The standard deviation
was calculated using the propagation of error method.

2.4. Energy consumption of water reuse systems

Operation data were acquired from each of the water reuse fa-
cilities P1 e P8. The total electricity consumptions and the total
volumes of reclaimed water were computed with the collected
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data. The total electricity consumption at each facility was the sum
of electricity consumptions in source water collection, treatment
process and product distribution. Complete records of electricity
consumptions from 2014 to 2015were available for P1e P4, and P8.
For each calendar year, the total energy consumption was divided
by the total volume of reclaimed water to calculate the energy
demand per 1 m3 of processed water provided to end users. P5, P6,
and P7 required a different approach as they were not equipped
with on-sitewatt-meter and thus, lacked energy consumption data.
The electricity consumptions of P5 and P6 were calculated from the
power, efficiency, and operation time of each energy-consuming
parts constituting the facilities (e.g., pumps and blowers). The
electricity consumptions of these two facilities were calculated
from the nominal power input of mixers (in aeration tanks), pumps,
ozonators, and blowers and the total annual operation time. These
electricity consumption values were then divided by the total
amount of reclaimed greywater and rainwater to calculate the en-
ergy demands of the facilities. In case of P7, pumps were the only
parts that consumed energy. Thus, the sum of the nominal power
inputs of pumps was divided by the pumping rate (all pumps in the
system had an identical pumping rate of 120 m3/hr).
2.5. Greenhouse gas emissions

The greenhouse gas emissions from the operation phase of the
plants were analyzed using a life-cycle analysis (LCA) approach.
Life-cycle GHG emission resulting from electricity generation and
use of chemical ingredients was analyzed for each of the examined
systems. GHG emission from energy consumption was calculated
using Equation (1).

CO2 Elect ¼ EElect � EFElect (1)

where CO2 Elect is the GHG emission estimate from electricity con-
sumption per unit volume in kgCO2eq/m3, EElect is the electricity
consumption of the facility in kWh/m3 and EFElect is the nationwide
average emission factor for electricity generation in kgCO2eq/kWh.
The average emission factor (EFElect) was obtained by summing up
the products of contributions of different electric power sources
and their respective GHG emission factors (Table 2). The electricity
generation data from the power sources and their respective
emission factors were provided by KEPCO (Korea Electric Power
Corporation).

Greenhouse gas emissions resulting from the life cycles of the
chemicals used in the facilities were also accounted for in our an-
alyses. The lists of chemicals were obtained for all reuse facilities
with exception of P2 and GHG emission estimates from production
to disposal of these chemicals were calculated using Equation (2).
Table 2
Electricity production in Korea in year 2014 (KEPCO, 2015).

Sources Electrical energy generated (�106

Nuclear 156.4
Bituminous coal 195.3
Natural gas 0.568
Oil 6.838
Anthracite coal 8.506
Hydropower 5.976
Combined power 65.39
Internal combustion power 0.656

a This value was obtained from Granovskii et al. (2007).
CO2 Chemical ¼
X

MChemical;i � EFChemical;i (2)

whereMChemical,i is the quantity of chemical i used in kg per m3 and
EFChemical,i is the emission factor associated with the life cycle of the
chemical i (Table S1). Ecoinvent 2.0 database of Simapro 7.3.3
Software (PR�e Consultants, Netherlands) was used to determine the
GHG emission factors of the chemicals involved. Chemicals not
listed in the database were acquired from literature (Dunn et al.,
2012) and KEITI (Korea Environmental Industry Technology In-
stitute)’s life cycle inventory (LCI) database (www.edp.or.kr/lci/co2.
asp). The GHG emissions from power generation and chemical use
were summed up for the total GHG emissions. Greenhouse gas
emitted directly from the biological and chemical reactions at the
treatment plants was assumed to be negligible (Nair et al., 2014;
Subramani et al., 2011).

2.6. Environmental benefit of water reuse

The environmental benefit of water reuse was estimated as the
energy cost needed to remove biochemical oxygen demand (BOD),
total nitrogen (TN) and total phosphorus (TP) fromWWTP effluents
to a level par with the quality of freshwater sources, assuming that
wastewater and greywater, if not reclaimed, is released to natural
waters after treatment at WWTPs. The concentrations of BOD, TN,
and TP in WWTP effluent were obtained from the source water
quality data at the wastewater reuse facilities P1, P2, and P3. The
concentrations of BOD, TN, and TP at water abstraction facilities
were provided by Korea Water Resources Corporation and these
values were used as the representatives of contaminant concen-
trations in the natural freshwater (Table S2). The amounts of energy
required for removal of 1 kg BOD, TN, and TP in WWTPs in Korea
were estimated to be 2.89 kWh, 18.55 kWh, and 137.49 kWh,
respectively (KEI, 2011). From these data, the environmental
benefit of water reuse was translated to an energy value using
Equation (3).

Bt ¼
X�

Cw;i � Cn;i
�� Et;i (3)

where Bt is the energy gain from environmental benefit per 1 m3 of
reclaimed water in kWh/m3, Cw,i is the concentration of contami-
nant i in WWTP effluent in kg/m3, Cn,i is the concentration of
contaminant i in natural waters in kg/m3, and Et,i is the energy cost
to remove 1 kg of contaminant i in kWh/kg.

3. Results and discussion

3.1. Energy consumption of the conventional water treatment and
distribution system in Korea

Prior to the analyses of the water reuse facilities, the average
MWh) Share (%) Emission factor
(kgCO2e kWh�1)

35.6 0.0027
44.4 1.0010
0.13 0.5123
1.56 0.8466
1.93 1.1545
1.36 0.2520
14.9 0.4491
0.15 0.2586a

http://www.edp.or.kr/lci/co2.asp
http://www.edp.or.kr/lci/co2.asp


Table 3
Energy consumption of conventional water treatment and distribution system.

Energy consumption
(kWh/m3)

Number of facilities Water production (�109 m3/yr) Energy consumptions per year (GWh/yr) Contribution
(%)

Range Average

Water abstraction 0e0.393 0.172 ± 0.134 42a 3.75 647 33.7
Water treatment plant 0.019e0.836 0.134 ± 0.171 37 1.57 211 26.2
Distribution
(Pumping and supply tank)

0.027e0.489 0.205 ± 0.123 23 0.88 180 40.1

a Including 19 facilitis using gravity conveyance (energy consumption ¼ 0).
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energy demand of the conventional water supply systems in South
Korea for processing and distribution of 1 m3 drinking water de
novo from freshwater sources was analyzed (Table 3). A typical
water supply system consisting of an abstraction facility, a water
treatment plant, and a pumping station for distribution would
consume 0.511 ± 0.250 kWh to extract, treat and convey 1 m3 of
drinking water to the consumers. Such broad range of energy
consumption is a characteristic of the conventional centralized
water treatment systems as their design and operation are greatly
influenced by multitude of factors including scale, topography, and
conveyance distance (Amores et al., 2013; Plappally and Lienhard,
2013). A closer look at the raw data (data not shown), in fact,
demonstrated an economy of scale in water supply system, espe-
cially at the treatment stage, as suggested by Plappally and
Lienhard (2013). Seven water treatment plants with treatment ca-
pacities lower than 30,000 m3/d had an average electricity con-
sumption rate of 0.358 ± 0.260 kWh/m3, which is approximately
2.5 times larger than the average of all 37 treatment plants. The
energy demands of abstraction facilities had large variation
(0e0.393 kWh/m3) as they are significantly affected by the
topography of the region. For example, water abstraction from
dams in mountainous terrains require no external source of elec-
tricity for water abstraction and conveyance to treatment facilities.
Nevertheless, the average total energy consumption should suffice
as a representative value for conventional systems in Korea, as it
was consistent with the average of the previously reported data
compiled by Loubet et al. (2014), where 0.26 ± 0.21 kWh/m3 and
0.28 ± 0.17 kWh/m3 were reported as the average energy con-
sumption in water production and distribution processes, respec-
tively, in 11 independent studies.

3.2. Energy consumption of water reuse facilities

3.2.1. Centralized wastewater reuse system with stringent effluent
quality criteria (for industrial end use)

According to the 2014 data (2015 data are presented Table S3),
the facilities P1, P2, and P3 consumed 42.0, 3.62, and 2.43 GWh/year
to supply 33.3� 106m3/yr,1.89� 106m3/yr, and 1.98� 106m3/yr of
reclaimed water, respectively. Thus, the energy demands per m3 of
reclaimed wastewater were estimated to be 1.224 kWh/m3,
1.914 kWh/m3 and 1.227 kWh/m3 for facilities P1, P2, and P3,
respectively. A previous study estimated the energy costs of ultra-
filtration/microfiltration and reverse osmosis as 0.1e0.2 kWh/m3

and 0.4e0.5 kWh/m3 respectively, for further purification of treated
wastewater for reuse (Pearce, 2008). The additional energy cost due
to the conveyance distances (1.9e11.5 km) in P1, P2, and P3 could be
one of the causes of the high energy cost; however, this energy
demand is not likely to exceed the energy demand for distribution
in conventional supply system (0.205 kWh/m3). The empirical
electricity consumption data obtained from these facilities excee-
ded the theoretical estimates evenwith this conveyance distance in
consideration. With limited information available, the exact cause
of the inefficiency is not yet known.
The resulting electricity demands were, in fact, approximately
two- to four-fold higher than the energy demand of the conven-
tional water treatment process. The quality of reclaimed water
should not be overlooked in the comparison. Tap water from the
conventional water treatment systems needs further treatment,
e.g., electrodeionization (EDI), to achieve water quality required for
the end use purposes of these facilities (Alvarado and Chen, 2014).
This additional treatment would add 0.26 kWh/m3 (the energy
demand of EDI) onto the energy consumption if source water is
provided through a conventional supply system. Nevertheless, even
with the enhanced water quality in consideration, centralized
wastewater reuse does not appear to be an attractive option as a
method of water reclamation, at least in terms of energy cost.

3.2.2. Decentralized wastewater reuse systems and greywater reuse
systems for non-potable domestic use

Non-potable domestic end use purposes, e.g., toilet flushing, do
not require high-quality reclaimed water. Thus, miniature activated
sludge systems followed by filtration often suffice for decentralized
wastewater reuse systems and greywater reuse systems designed
for these purposes. The energy demands of the decentralized
wastewater reuse facilities P4 and P5 and the greywater reuse fa-
cility P6 were 1.705, 1.740, and 1.082 kWh/m3, respectively and
these values were comparable to those of centralized wastewater
reuse facilities. As these water reuse schemes reduce the load onto
wastewater treatment system, the average energy demand of
WWTPs in Korea, 0.77 kWh/m3 (KEI, 2011), was subtracted for
unbiased comparison with other facilities. The adjusted energy
demands of P4 (0.935 kWh/m3) and P5 (0.970 kWh/m3) were
significantly lower than those of centralized wastewater reuse
systems but still higher than the conventional system (Table 4). The
greywater reuse facility P6 had lower energy demand (0.312 kWh/
m3) than the conventional system.

The quality of sourcewater appears to be an important factor for
energy requirement of a water reuse system, as P6, using greywater
as its source water, had notably lower energy requirement than P4
and P5 despite of the nearly identical process schemes and end
purpose. The greywater reuse system required 36.5% and 37.8% less
electricity per m3 of water produced than the wastewater reuse
facilities P4 and P5, respectively (before adjusting for bypass of
wastewater treatment). These observations provide empirical
support to the previous argument that greywater separation from
wastewater streams is essential for design of an energy-efficient
water reuse system (Friedler, 2004).

3.2.3. Rainwater harvesting system for non-potable domestic use
Rainwater harvesting was the most energy efficient water reuse

process (Table 4) along with greywater reuse. In the facility P7, the
catchment pump (120 m3/hr, 22 kW) and the supply pump
(120 m3/hr, 7.5 kW) were the only components that consumed
significant amounts of energy. The energy requirement for opera-
tion of this rainwater harvesting system was calculated to be
0.246 kWh/m3. A RHS with an identical operating scheme but of a



Table 4
Energy consumptions and greenhouse gas emissions of the water reuse systems P1eP8 and the conventional water treatment and distribution system.

Water reuse type Treatment capacity Energy consumption
(kWh/m3)

Greenhouse gas emission (kgCO2e/m3)

From electricity consumption From chemical consumption Total emission

P1 Centralized wastewater reuse 95,000 m3/d 1.224 0.68 0.04 0.72
P2 12,000 m3/d 1.914 1.06 NAa NAa

P3 7500 m3/d 1.227 0.68 0.15 0.83
P4 Decentralized wastewater reuse 30,000 m3/d 1.705 0.94 0.07 1.01
P5 1000 m3/d 1.740 0.96 0.19 1.15
P6 Greywater reuse 100 m3/d 1.082 0.60 e 0.60
P7 Rainwater harvesting 12,000 m3 b 0.246 0.14 e 0.14
P8 132 m3 b 0.284 0.16 e 0.16
C Conventional water treatment plant 16,000e711,000 m3/d 0.511 0.28 0.15c 0.43

a Information not disclosed by the operators.
b Treatment capacity of rainwater harvesting may vary. The values presented here are the capacities of storage tanks.
c This value was obtained from Kyung et al. (2013).
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much smaller scale, P8, had a comparable energy cost (0.284 kWh/
m3). These values were significantly lower than the reported en-
ergy costs of the conventional water supply systems and the
wastewater reuse systems P1eP5 and comparable to the greywater
system P6.
3.3. Greenhouse gas emissions

The total GHG emissions of the water reuse plants were calcu-
lated from the electricity consumption and chemical usage data
(Table 4, Fig. 2). In comparison to the conventional water treatment
and distribution system (0.43 kgCO2e/m3), larger GHG emissions
(0.75 kgCO2e/m3 and 0.83 kgCO2e/m3 respectively P1 and P3) were
calculated for the centralized wastewater reuse systems equipped
with RO. In cases of the decentralized wastewater reuse systems
(P4 and P5) and the greywater reuse system (P6), the GHG emission
estimate for wastewater treatment process in Korea, 0.82 kgCO2e/
Fig. 2. Greenhouse gas emission estimates from the surveyed water reuse systems and th
wastewater reuse systems (P4 and P5) and the greywater reuse systems (P6) were adjusted
calculated as chemical usage information was not disclosed by the operator.
m3 (Kyung et al., 2015), was subtracted to account for the reduction
of GHG emission due to bypass of wastewater treatment. The
adjusted GHG emissions of P4 (0.19 kgCO2e/m3) and P5
(0.33 kgCO2e/m3) were estimated to be lower than the conven-
tional system. The lowest GHG emission estimatewas calculated for
the greywater reuse system (P6), which had an adjusted GHG
emission estimate of �0.22 kgCO2e/m3, indicating that the opera-
tion phase of greywater reuse actually had an effect of reducing
GHG emission. The GHG emission of the rainwater harvesting
systems P7 and P8 were calculated to be 0.14 kgCO2e/m3 and
0.16 kgCO2e/m3, respectively, and were notably lower than the
conventional system.

In each of the examined water reuse facilities, energy con-
sumption was invariably the major contributor to the total GHG
emissions and this finding is consistent with the previous studies
on various types of water reuse systems (Friedrich et al., 2009;
Rihon et al., 2002; Vince et al., 2008). Therefore, design
e conventional water treatment system. The GHG emissions from the decentralized
for bypass of wastewater treatment. The greenhouse gas emission of P2 could not be
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improvements leading to energy conservation, such as incorpora-
tion of waste heat utilization, use of energy-efficient machinery and
optimization of operating condition, may lead to significant miti-
gation of GHG emissions (Kyung et al., 2015).
3.4. Environmental benefits of water reuse

One of the most important environmental benefits of waste-
water reclamation is that it can reduce the efflux of treated
wastewater into natural water bodies (Meneses et al., 2010; Sala
and Serra, 2004). Even after the secondary treatment, wastewater
still contains larger amount of BOD, TN and TP than natural water
(Table S2). Thus, wastewater and greywater reuse contributes to
reduction of contaminant discharge to natural waters (Lemos et al.,
2013; Mahgoub et al., 2010). With water quality data from WWTP
effluents and water sources at abstraction facilities, an environ-
mental benefit of 0.357 kWh/m3 was calculated as a conservative
estimate. Actual benefit should be higher as the cost of treatment
would certainly increase with the decrease in contaminant con-
centrations (Feng and Chu, 2004). Therefore, replacing 1 m3 of
conventionally produced water with reclaimed wastewater has an
effect of conserving at least 0.357 kWh/m3 of energy, and this
environmental benefit should be reflected in the energy cost
comparison. With the environmental benefits in consideration, the
energy demands for the centralized wastewater reuse systems P1,
P2, and P3 range from 0.867 to 1.557 kWh/m3 and the decentralized
wastewater reuse systems (P4 and P5) had slightly higher energy
demand than conventional water treatment system with energy
costs of 0.578 and 0.613 kWh/m3 (Fig. 3). Greywater reuse actually
turned out to result in net energy gain of 0.045 kWh/m3, whichmay
not seem sensible; however, it should not be dismissed that only
operational phase has been analyzed in this study.
Fig. 3. Energy consumption from the surveyed water reuse systems and the conventional w
environmental benefit of water reuse. The energy consumptions of the decentralized wastew
bypass of wastewater treatment.
3.5. Discussion

Selection of an appropriate system boundary is crucial to suc-
cessful evaluation of energy consumptions and environmental
impacts of water infrastructures (Amores et al., 2013; Lundin et al.,
2000). Unlike typical LCA analyses, only operation phase was
examined in this study, as 1) the operation phase has been iden-
tified as the major contributor to energy consumption and GHG
emissions in previous LCA analyses of water infrastructures (Lundie
et al., 2004; Raluy et al., 2005) and 2) analyses of the construction,
maintenance, and demolition phases rely heavily on assumptions
and speculations rather than empirical data and thus, were outside
the scope of this study (Lassaux et al., 2007; Zhang et al., 2010). For
example, life expectancy of plants or maintenance parts are
assumed based on the current technology although technological
advances often result in extension of lifetime (Stokes and Horvath,
2006). Such overestimation of the energy cost and environmental
impacts may skew the outcome in favor of large-scale conventional
systems. The exclusion of these uncertainties limited the scope of
this study but enabled unbiased comparative analyses of water
reuse systems based solely on empirical data.

The survey results demonstrated that water reuse systems are
actually not always more efficient in terms of energy requirements
and GHG emissions than the conventional water supply systems
and that the choice of the reuse scheme is crucial in ensuring
reduced energy consumptions and GHG emissions. The centralized
wastewater reuse systems equipped with RO had up to 3.8-fold
higher energy requirements and 2.5-fold higher GHG emission
estimates. According to these empirical data, this type of water
reuse system is less efficient and has a larger carbon footprint than
the conventional water supply system even with the enhanced
water quality and the environmental benefits in consideration. The
only conceivable benefit of this type of reuse system appears to be
conservation of freshwater sources (Alnouri et al., 2015; Asano
ater treatment system without (black bars) and with (white bars) consideration for the
ater reuse systems (P4 and P5) and the greywater reuse system (P6) were adjusted for



J. Chang et al. / Journal of Cleaner Production 141 (2017) 728e736 735
et al., 2007; Meneses et al., 2010). The energy costs and GHG
emissions of the examined decentralizedwastewater reuse systems
were also larger than those of the conventional water supply sys-
tem; however, with environmental benefits in consideration, the
energy cost of these systems were comparable to the conventional
system and the GHG emissions were significantly lower. The
greywater reuse system had the lowest energy demand and GHG
emissions and considering the environmental benefit of contami-
nant release reduction, the operation phase of the greywater reuse
system (P6) actually exhibited a net energy gain. These observa-
tions suggest that installation and operation of decentralized
greywater reuse systems in commercial and residential buildings
and effective separation of greywater sources from wastewater
streamswill be crucial for energy-efficient watermanagement with
minimal impact on climate change.

Rainwater harvesting appears to be another energy-efficient
water reuse option with a low GHG emission estimate. Unlike the
wastewater and greywater reuse systems, rainwater harvesting
does not have the environmental benefit of reduced contaminant
release and moreover, there is an unavoidable caveat with RHS: the
dependence on local rainfall patterns (Farreny et al., 2011; Tam
et al., 2010). For regions with large seasonal fluctuations in pre-
cipitation, e.g., Korean peninsula, rainwater harvesting cannot
guarantee continuous water supply in the drier seasons (Kim and
Yoo, 2009). Rainwater harvesting systems in such regions would
require careful engineering, as optimizations of design parameters
(e.g., the size of storage tanks and the area of catchment surfaces)
are often found to improve the yield significantly, especially in
regions with irregular precipitation patterns (Ward et al., 2012).
Over-sized design capacities may lead to increased energy costs in
construction, maintenance, and demolition phases, negating the
gain in energy and GHG emissions savings from the operation
phase (Campisano and Modica, 2012). In fact, the previous esti-
mates based on the study of full life cycles of RHS with gravity
system (0.64 kgCO2/m3) and pumping system (1.20 kgCO2/m3)
were approximately 3- to 6-fold greater than the GHG emissions
data presented here (Angrill et al., 2012).

The energy demands of conventional water treatment plants
were largely dependent on the scale of the plants, as the facilities
with treatment capacities lower than 30,000 m3/d required
significantly larger amount of energy than the facilities with larger
capacities. On the other hand, the energy costs of the reuse facilities
were independent of their scale and this characteristic was
consistent with all of the water reuse schemes examined. These
data provide empirical support to the previous arguments based on
theoretical calculations that decentralized reuse is crucial for en-
ergy efficient water management (Gikas and Tchobanoglous, 2009;
Hendrickson et al., 2015; Mahgoub et al., 2010). As can be observed
from the prohibitively high energy consumptions and GHG emis-
sions in the centralized wastewater reuse systems for high-quality
water (P1, P2, P3), centralization and end use requiring high purity
should be avoided in designing water reuse systems. The results of
this study confirm that the optimal implementation of the water
reuse would be installment and operation of decentralized systems
in remote, less densely populated regions for non-potable purpose,
where energy-efficient distribution of drinking water from large-
scale conventional water treatment systems is not feasible (Chen
and Wang, 2009).

The analyses in this study may not be sufficient to reach a
decisive conclusion regarding superiority of a water infrastructure
over another, as the scope of analyses was limited to the operation
phase; however, they certainly provide useful fact-based informa-
tion that policymakers and scholars can refer to when making
decisions regarding implementation of water reuse systems.
Expanding empirical studies to the entire life cycle may be possible
for the small-scale greywater reuse systems and RHS and it would
be interesting to see how the actual energy costs and GHG emis-
sions of construction and demolition phases would add onto those
of the operational phases.

4. Conclusions

This study evaluated the energy efficiencies and the GHG
emissions of the operation phases of conventional water treatment
system and water reuse systems through observation of 8 fully
operational water reuse systems as representatives of the four most
widely-implemented types of water reuse systems. Although the
scope of the study was limited to the operation phase, the focused
fact-based comparative analyses provide important information
regarding the energy efficiency of the water reuse schemes.
Centralized wastewater reuse systems designed to provide high-
purity water to the industrial facilities consumed far greater
amount of energy than the conventional water supply systems,
demonstrating inefficiency of the centralized water reuse facilities.
On the other hand, the decentralized wastewater reuse systems
designed for non-potable domestic uses had significantly lower
energy demand than the centralized wastewater reuse systems but
still had marginally higher energy cost than the conventional water
supply systems, even when the environmental benefits were
considered. The greywater reuse facility and the rainwater har-
vesting systems required significantly less energy and emitted less
GHG than the conventional systems in their operational phases.
The energy requirements and GHG calculated from the facilities
operated under the same scheme returned very similar results,
validating the methodology of this study and also suggesting that
the economy of scale is not applied to water reuse systems.

In this study, attempts were made to quantify previously over-
looked environmental benefits of wastewater and greywater reuse,
i.e., the reduction of contaminant release, as an energy value. Upon
incorporation of the translated environmental benefit to our ana-
lyses, greywater reuse system was the most energy-efficient water
reuse system. Our results clearly demonstrated that decentralized
water reuse can actually be an energy-saving alternative to con-
ventional water supply processes and validate the argument that
decentralization and source separation are essential for energy
efficient water management with less GHG emissions.
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