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a b s t r a c t

Life cycle impact assessment (LCIA) is performed to quantitatively evaluate all environmental impacts
from products, systems, processes and services. However, LCIA does not always provide valuable infor-
mation for choosing among alternatives with different specifications, functionalities and lifetimes. The
objectives of this study are (1) to propose environmental indicators to evaluate environmental efficiency
and value qualitatively and quantitatively on the basis of analogies to financial and economic indicators,
and (2) to present the application of the indicators. Incremental evaluation using a reference is employed
to obtain the environmental indicators. The environmental efficiency indicators are conceptually based
on the ratios of reduced environmental burdens returned to environmental burdens required: envi-
ronmental return on investment, environmental payback period and environmental internal rate of
return. The environmental value indicator is the sum of all reduced and required environmental burdens:
i.e., environmental net present value. All the environmental indicators can be used to compare and rank
the environmental efficiencies or values of alternatives. The environmental efficiency indicators can be
applied to a new environmental labeling. The concept of eco-efficiency labeling is developed by
combining the environmental efficiency indicators with financial indicators. A case study is performed to
illustrate the necessity and importance of the environmental indicators. These environmental indicators
can help easily communicate LCIA results in the field of environmental management.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the paradigm shift to sustainable development, the
concepts of cleaner production, eco-design and design for envi-
ronment (DfE) have been employed to improve the environmental
and economic performances of products, systems, processes and
services. While traditional economic and financial indicators are
used to evaluate the economic performances, life cycle assessment
(LCA) plays a key role in evaluating the environmental perfor-
mances. LCA is an environmentally fundamental methodology
which is used to comprehensively and quantitatively evaluate the
significance of potential environmental impacts and to systemati-
cally identify hot spots incurring heavy environmental impacts. LCA
is also applied to environmental labeling, which contributes to
market-driven continuous environmental improvement by
conferring a label on products meeting environmental criteria
(Type I environmental labeling) and by publicly declaring the
: þ82 54 279 8299.
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environmental performances of products (Type III environmental
labeling: product environmental declaration) (Ardente et al., 2006;
Gallastegui, 2002; Lavallee and Plouffe, 2004; Manzini et al., 2006;
Mungkung et al., 2006). Therefore, LCA play a pivotal role in envi-
ronmental management which can be represented by the ISO
14000 series (Lamprecht, 1997).

The limitations of LCA and environmental labeling are often
raised in the choice of a more environmentally friendly alternative
because making the functional units of alternatives congruous is
difficult in comparative assessment. Life cycle impact assessment
(LCIA) is performed to evaluate the significance of potential envi-
ronmental impacts as a process of LCA. However, the LCIA results do
not always provide decision makers with valuable and obvious
information that is required to make a choice among alternatives:
the different specifications, functionalities and lifetimes of alter-
natives make it difficult to compare and rank their environmental
performances (Finnveden, 2000). The functional units of alterna-
tives should be the same for comparing and ranking the LCIA
results because LCIA results are the simple sum of environmental
burdens incurred throughout the life cycle from a functional unit.
However, much resource and time are required in order to make
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the functional units of alternatives congruous because of compli-
cated system interpretation and allocation, even though the ISO
standards for LCA are well established. Furthermore, LCIA results do
not provide qualitative information on the environmental effi-
ciencies and values of products, processes, systems and services
(hereinafter, ‘‘environmental efficiency’’ is defined as ‘‘how much
environmental burden is reduced at the expense of additional
environmental burden required to enhance environmental perfor-
mance’’; and ‘‘environmental value’’ is defined as ‘‘how much
environmental burden is reduced over all life cycle phases’’). Type
III labeling has disadvantages derived from the limitations of LCA
because Type III labeling employs the characterization results of
LCIA for the environmental declaration of products (Ardente et al.,
2006; Gallastegui, 2002; Lavallee and Plouffe, 2004; Manzini et al.,
2006), and does not provide detailed information needed to make
the function units of alternatives congruous. In other words, Type
III labeling cannot be used for comparing and ranking alternatives
in case the functional units of alternatives are different. Type I
labeling also cannot differentiate the environmental performances
of products with the environmental label (Ardente et al., 2006;
Gallastegui, 2002; Lavallee and Plouffe, 2004; Manzini et al., 2006).
Therefore, a new environmental indicator has been required to
compare the environmental performances of alternatives and to
easily communicate LCIA results.

Some eco-indicators developed with the viewpoint of micro-
ecometrics have been proposed to comprehensively estimate the
environmental and economic performances (Biswas et al., 1998).
Return on environment (ROE) was suggested as an objective indi-
cator to show economic returns on environmental burdens
incurred from products (Hunkeler and Biswas, 2000). An eco-costs/
value ratio model was developed to describe the eco-efficiency of
products and services (Vogtlander et al., 2002). The ratios of envi-
ronmental effect scores to a life cycle cost were used as Environ-
mental Efficiency (EE) for DfE (Schmidt, 2003). A green productivity
(GP) index was proposed to measure the ratio of productivity to
environmental impacts (Hur et al., 2004). CO2 efficiency was
defined as a ratio of a producer’s price to CO2 emissions to char-
acterize various industries (Tahara et al., 2005). Sustainable
development indicators (SDIs) for sludge handling and wastewater
treatment systems were formulated to reflect economic, environ-
mental, technical and societal aspects (Palme et al., 2005). A
product sustainability index was used to translate sustainability
aspects in vehicle development (Schmidt and Butt, 2006). However,
environmental indicators which focus only on environmental
performance have not been developed, even though the environ-
mental effect scores from the results of LCIA have been employed to
estimate environmental performance. Therefore, qualitative and
quantitative environmental indicators have been required to eval-
uate environmental performance.

The objective of this study is (1) to propose environmental
indicators to evaluate, differentiate and easily communicate the
environmental efficiencies or values of products, systems,
processes and services, and (2) to present the applications of the
indicators. The environmental indicators are presented on the basis
of analogies to financial and economic indicators: environmental
return on investment (EROI), environmental net present value
(ENPV), environmental payback period (EPP) and environmental
internal rate of return (EIRR). The main application of the envi-
ronmental indicators is presented: communication of qualitative
and quantitative information on environmental performance, and
comparative evaluation of alternatives. The extended application of
the environmental indicators is also examined: new environmental
labeling for differentiating environmental performances of prod-
ucts, and development of eco-efficiency labeling. A case study is
performed on the environmental evaluation of alternative water
systems with different system boundaries for LCA to illustrate the
necessities and importance for the environmental indicators.
2. Environmental indicators

The proposed environmental indicators are conceptually based
on traditional economic and financial evaluation. Table 1 shows the
analogy between the environmental indicators and economic and
financial indicators. The environmental efficiency indicators (i.e.,
EROI, EPP and EIRR) are developed to estimate the reduced envi-
ronmental burdens returned on the additional environmental
burdens required to enhance environmental performance, in the
same manner as the financial indicators (i.e., ROI, PP and IRR)
estimate economic profits returned on investment costs. The
environmental value indicator (i.e., ENPV) is conceptually based on
how much net environmental burden is incurred during the life
cycle with respect to all the reduced and additional environmental
burdens, as economic indicators such as NPV evaluate net profits by
comparing costs and revenues. Therefore, the environmental
indicators have qualitative as well as quantitative information,
which can augment LCIA results and LCA. Also, the environmental
indicators can be used as goals and criteria in designing and
producing more environmentally efficient and valuable products,
systems, processes and services.

Incremental evaluation is used for the environmental indicators
to compare and rank the environmental performances of alterna-
tives. The environmental burdens of products, systems, processes
and services are expressed with environmental effect scores
obtained from the characterization results of LCIA. However, the
environmental efficiencies and values of alternatives are not always
differentiated with the environmental effect scores because of their
different specifications, functionalities and lifetimes. Therefore,
incremental evaluation is required in order to compare the envi-
ronmental performances of alternatives. This incremental approach
can be applied to rank mutually exclusive products, systems,
processes and services (for example, an air conditioner and
a refrigerator), or to rank mutually exclusive alternatives of the
same product, system, process and service (for example, ‘‘A’’ and
‘‘B’’ branded cars) (Hajdasinski, 2004). The environmental indica-
tors are calculated by using incremental environmental burdens
which are the difference between the environmental effect scores
of an alternative estimated and those of a reference. The incre-
mental environmental burdens are incurred over total life cycle
phases such as production or construction, use or operations and
maintenance (O&M), and disposal. The flow of the incremental
environmental burdens over the lifetime is defined as an incre-
mental environmental effect flow (IEEF), in the same way as cash
flow is used for financial and economic evaluation. Equations for
the IEEF in each life cycle phase are as follows:

IEEFpro
c ¼ Epro

alt;c � Epro
ref ;c (1)

IEEFuse;dis
c ¼ Euse;dis

alt;c � Euse;dis
ref ;c (2)

where Ealt,c and Eref,c are the environmental effect scores of an
alternative estimated and a reference obtained from the charac-
terization results of the LCIA, respectively, and c represents each
environmental impact category. Superscripts pro, use and dis
represent the life cycle phases: production, use and disposal.

The reference used to calculate the IEEF for the environmental
efficiency indicators is limited to the alternative which generates
the lowest environmental burdens in the production stage and the
highest ones in the use phase among alternatives. If the IEEF of
a product in the production stage is negative, the environmental



Table 1
Analogy between the economic and financial indicators and the environmental indicators.

Economic and financial indicators (Hajdasinski, 2004; Peters and Timmerhaus, 1991;
Pintaric and Kravanja, 2006; Tang and Tang, 2003)

Proposed environmental
indicators

Return on investment (ROI) - A ratio of profits before taxes to total
capital investment costs

- Financial indicator

Environmental return on
investment (EROI)

Net present value (NPV) - The sum of the present values of all cash
flows over the life cycle

- Economic indicator

Environmental net present
value (ENPV)

Payback period (PP) - A time period required to pay off initial
capital investment costs with profits returned

- Financial indicator

Environmental payback
period (EPP)

Internal rate of return (IRR) - A discount rate at which the NPV of a project
is equal to zero

- Financial indicator

Environmental internal
rate of return (EIRR)
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efficiency indicators cannot be evaluated because the indicators
mean how much environmental benefit can be obtained on an
investment of environmental burdens, i.e., environmental sacrifice.
In contrast, the reference for the environmental value indicator is
unlimited because the environmental value indicator represents
the net environmental burdens of an alternative, i.e., the sum of the
IEEFs in the life cycle stages. With increasing application of cleaner
production, eco-design, DfE, and environmental labeling to prod-
ucts, systems, processes and services, the most conventional and
old-model alternative can be employed as the reference for the
environmental efficiency indicators. This is because new alterna-
tives are improved to enhance consumption efficiencies for
resources and energy in the use phase incurring the heaviest
environmental burdens, while in the production phase, more
resource and energy are required to increase their functionalities
and efficiencies; however, there can be exceptions not to meet the
conditions needed to be the reference. The buildup of database on
the LCIA results of products, systems, processes and services
enables choosing the reference of a given category for the envi-
ronmental efficiency indicators. It should be mentioned that the
financial indicators analogous to the environmental efficiency
indicators are useful for the economic evaluation of alternatives
despite the same limitation on choosing a reference.

A discount rate is employed to evaluate the environmental
indicators by taking into consideration the time values of envi-
ronmental burdens. This is because many feasibility estimations of
projects and policies having environmental and societal effects
have used the discount rates in line with ecological and environ-
mental economics, even though discounting environmental
burdens is still controversial (Spitzley et al., 2005). A two-step
discounting procedure has been proposed to estimate environ-
mental projects by selecting different discount rates for short and
long terms (Rabl, 1996). Dual-rate discounting has been suggested
in dynamic economic and environmental modeling by employing
an economic discount rate for private cash flows and by selecting
a lower environmental discount rate for environmental cash flows
(Yang, 2003; Weikard and Zhu, 2005). Discount rates used in
environmental evaluations were lower than ones used in economic
evaluations (Rambaud and Torrecillas, 2005).
2.1. Environmental return on investment

The EROI is defined as a ratio of the reduced environmental
burdens occurring over the service life to the additional environ-
mental burdens initially required to enhance environmental
performance. This indicator can be used as an environmental effi-
ciency indicator. When the additional environmental burdens in
the production phase are incurred at year 0 and the reduced
environmental burdens in the use and disposal phases occur
regularly at the end of each year, an equation for the EROI is as
follows:

EROIc ¼ �
Pn

t¼1
IEEFuse;dis

c;t

ð1þrÞn

IEEFpro
c;t¼0

(3)

where r is a discount rate and t is a discrete time over the service
life, and n is the service life. The greater the EROI is, the more
environmentally efficient the alternative is. The choice of a discount
rate should be significantly taken into account because the value of
a discount rate can have significant effect on the EROI, even though
the appropriate value of a discount rate is still controversial
(Spitzley et al., 2005).
2.2. Environmental net present value

The ENPV is defined as the arithmetic sum of discounted IEEFs
throughout the life cycle. This indicator can be used as an envi-
ronmental value indicator to determine which alternative can
reduce more environmental burdens. When the additional envi-
ronmental burdens in the production phase are incurred at year
0 and the reduced environmental burdens from the use and
disposal phases occur regularly at the end of each year, an equation
for the ENPV is as follows:

ENPVc ¼
Xn

t¼1

IEEFuse;dis
c;t

ð1þ rÞn
þ IEEFpro

c;t¼0 (4)

A negative ENPV means that an alternative is more environmentally
valuable than a reference, because the reduced environmental
burdens are expressed as a negative IEEF. The smaller the ENPV is, the
less environmental burdens from the choice of the alternative are.
2.3. Environmental payback period

The EPP is defined as the period of time required to pay off the
environmental burdens incurred with the environmental burdens
reduced from the choice of an alternative. The EPP is obtained from
equation (4) when the ENPV is set to zero and the discount rate is
given. An alternative with a shorter EPP is preferred, in order to
earlier offset the additional environmental burdens. This indicator
can be used to evaluate the environmental efficiencies of alterna-
tives. However, the comparison of alternatives by using their EPPs
does not always guarantee the choice of the most environmentally
efficient alternative because the indicator does not take into
account IEEFs after the payback. In other words, this indicator does
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not include all the additional and reduced environmental burdens
throughout the life cycle.

2.4. Environmental internal rate of return

The EIRR is defined as a discount rate at which the ENPV is equal
to zero. The EIRR is obtained from equation (4) when the ENPV is
set to zero and the service life is given. The EIRR should be higher
than a discount rate used for environmental evaluation to show
that an alternative is more environmentally efficient than the
reference. The greater the EIRR is, the more environmentally effi-
cient the alternative is. This indicator can be used as an environ-
mental efficiency indicator.

3. Main application of the environmental indicators

The environmental indicators can be used for (1) providing
qualitative and quantitative information on environmental perfor-
mance, and (2) comparing and ranking the environmental perfor-
mances of alternatives with different specifications, functionalities
and lifetimes.

3.1. Communication of qualitative and quantitative information

The environmental indicators can be used to easily communi-
cate LCIA results because the indicators include qualitative and
quantitative information, i.e., environmental efficiency and value.
The environmental indicators have essential characteristics which
LCIA results and environmental labeling (Type I or III) lack:
simplicity, comparability, quality, quantity and easy communica-
bility. These characteristics of the environmental indicators can be
supported by their analogies to traditional financial and economic
indicators and will be shown in the case study.

3.2. Comparative evaluation of alternatives

The environmental indicators can be used to compare and rank
the environmental efficiency or value of alternatives with different
specifications, functionalities and lifetimes. The environmental
indicators are useful and practical in case comparative LCA requires
too much resource and time in making the functional units of
alternatives congruous because of complicated system interpreta-
tion and allocation, or in case obtaining the same functional unit is
impossible because of the completely different characteristics of
alternatives. In other words, the environmental indicators can
differentiate the environmental performances of mutually exclu-
sive products, systems, processes, services, projects and policies, as
well as mutually exclusive alternatives of the same product, system,
process, project and policy because the environmental indicators
mean how much incremental environmental benefit can be
obtained from investment on an alternative, i.e., incremental
environmental burdens, regardless of functional units and system
boundaries. Normalization and weighting can be used to integrate
and simplify the environmental indicators in environmental impact
categories by using the reference values and weighting factors
established in the field of LCA; the methods for the EROI, EPP and
EIRR are suggested in the following section, while the normaliza-
tion and weighting for the ENPV can be performed by dividing by
reference values, multiplying by weighting factors and summing
because the ENPV is expressed as in the characterization results of
LCIA. It should be mentioned that the choice of different sets of
weighting factors and reference values can have effects on the
absolute values of the environmental indicators and result in
a different ranking of alternatives.
4. Extended application of the environmental indicators

The application of the environmental indicators can be
extended to (1) new environmental labeling for differentiating
environmental performances of products, and (2) development of
eco-efficiency labeling.
4.1. New environmental labeling for differentiating environmental
performances of products

The environmental efficiency indicators can be applied to new
environmental labeling which can compare and rank the environ-
mental performances of products. The concept of the new labeling
is extended from the environmental evaluation of alternatives. In
other words, the environmental performances of products can be
ranked by comparing the values of the environmental efficiency
indicators on their labels which are ratios of the reduced environ-
mental burdens obtained from the choice of the product to the
additional environmental burdens required for the choice of the
product. Once a reference is identified to evaluate the environ-
mental efficiencies of other products in the same product category,
the EROI, EPP and EIRR can quantify the environmental efficiencies
of the other products, and can provide valuable information
required to select the most environmentally efficient one.

The evaluation of the environmental efficiency indicators for the
new environmental labeling is used as a substitute for the
normalization in LCIA. In other words, the environmental efficiency
indicators obtained using the characterization results of the LCIA
are the normalized results, because the concept of the environ-
mental efficiency indicators is a ratio of reduced environmental
burdens to the additional environmental burdens required to
enhance environmental performance. This is reasonable, because
the aim of the normalization is to better understand the relative
importance and magnitude of the characterization results (Guinee,
2001). This characteristic of the environmental efficiency indicators
can avoid confusion incurred in choosing reference information
required to normalize the characterization results of products for
international trade (Mungkung et al., 2006; Finnveden, 2000): the
normalization reference is generally based on a given country
(Guinee, 2001).

A weighted average method is employed for the new environ-
mental labeling in order to aggregate and simplify the environ-
mental efficiency indicators in environmental impact categories.
Single indicators are obtained from the weighted average of each of
EROIc, EPPc and EIRRc by taking into account the relative impor-
tance of the environmental impact categories and the characteris-
tics of the environmental efficiency indicators, i.e., ratios. Equations
for the single indicators are as follows:

EROIw ¼
Xn

c¼1

h
EROIc$

�
wc=wt�i (5)

EPPw ¼
Xn

c¼1

h
EPPc$

�
wc=wt�i (6)

EIRRw ¼
Xn

c¼1

h
EIRRc$

�
wc=wt�i (7)

where wc is a weighting factor for each environmental impact
category and wt is the sum of all the weighting factors. The
weighting factors can be the same as used for weighting in LCIA.
The single indicators obtained from the above equations are still
quantitative and qualitative, and they can be used to compare and
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rank the environmental efficiencies of products. The new envi-
ronmental labeling using these single indicators could accelerate
market-driven continuous environmental improvement. Further-
more, these single indicators can be applied to supplement Type I
and Type III environmental labeling. These single indicators could
give comparability and quantification to Type I environmental
labeling to help differentiate the efficiencies of environmental
friendly products and could confer simplicity, easy communica-
bility and comparability to Type III environmental labeling.
4.2. Development of eco-efficiency labeling

The environmental efficiency indicators could also be applied to
develop eco-efficiency labeling to classify products on the basis of
their environmental and economic performances. This eco-efficiency
labeling is conceptually similar to Type I environmental labeling. To
estimate the eco-efficiency of a product, one of the environmental
efficiency indicators is combined with one of the financial indicators
showing its economic efficiency: EROI vs. ROI, EPP vs. PP, or EIRR vs.
IRR. The environmental efficiency and financial indicators are based
on incremental evaluation using a reference product to compare and
rank products in the same product category. Fig. 1 shows the concept
of the eco-efficiency labeling and a portfolio where products are
classified by their environmental efficiency and financial indicators;
for instance, the eco-efficiency levels of products can be classified
into the three parts with differently shaded colors. The eco-efficiency
labeling employs the environmental and financial indicators inde-
pendently, rather than integrating them into a new single indicator.
This is because it is difficult to objectively evaluate the relative
importance of the environmental and economic efficiencies. Many
data on the environmental efficiency and financial indicators of
products in the same product category are needed to classify their
eco-efficiency levels. The interfaces between the different eco-effi-
ciency levels are inversely plotted because of tradeoffs between
environmental and economic efficiencies. More eco-efficient prod-
ucts are positioned on top right in the portfolio. The ‘‘minimum
values’’ in Fig. 1 are criteria required to be environmentally or
economically efficient products; for example, the EROI and ROI
Fig. 1. Eco-efficiency portfolio for the eco-efficiency labeling.
should be greater than 1, and the EIRR and IRR should be higher than
discount rates required, which means that the choice of an alter-
native can obtain environmental benefits greater than environ-
mental burdens additionally required. Therefore, the eco-efficiency
labeling can differentiate the eco-efficiency levels of products,
systems, processes and services to help non-experts purchase more
eco-efficient ones.

5. Case study

The proposed qualitative and quantitative indicators were
employed to compare the environmental efficiencies and values of
alternative water systems with different system boundaries. An
iron and steel plant in Korea needs to determine which alternative
water network system design using water reuse (WNS 1 or WNS 2)
is more environmentally efficient and valuable (detailed design
methods are presented in Supplementary data). The same func-
tional units for alternative comparison cannot be easily obtained
because of their complex systems. The water network systems are
composed of different combinations of water-using operations; for
instance, WNS 1 uses the operations 1, 2, 3 and 4, while WNS 2 uses
the operations 1, 3, 4 and 5. To evaluate the environmental indi-
cators, a conventional water system (CWS) using only freshwater
was employed as the reference: CWS uses the operations 1, 2, 3 and
4. The three systems are depicted in Fig. 2. LCA was performed to
evaluate the environmental burdens, i.e., LCIA results, of each water
system, which followed the ISO 14040 series of standards as in the
study (Lim and Park, 2007).

The characterization results of LCIA performed to evaluate total
environmental burdens from each water system did not provide
enough information to determine which system was more envi-
ronmentally efficient or valuable. The characterization results of
the LCIA are presented in Table 2. It should be noted that the
environmental performances of WNS 2 cannot be compared to
those of WNS 1 because of their different system boundaries for the
LCA, even though normalization and weighting are employed for
the LCIA to easily compare the characterization results in the
environmental impact categories. Even LCA experts cannot select
more environmentally efficient system using these results.

The proposed environmental efficiency indicators differentiated
the environmental performances of the alternative water systems.
The environmental efficiency indicators of WNS 1 and WNS 2 are
summarized in Table 3. CWS was used as a reference for the
incremental evaluation because it had the lowest environmental
burdens in the construction phase and the highest in the O&M
phases. The discount rates were set to zero or 1.5% to estimate the
effects of discount rates on the environmental indicators (Rabl,
1996). The weighting factors and normalization reference values for
Korea were obtained from the literature (Hur et al., 2004; IKP and
PE Europe GMBH, 2004). EROI, EPP and EIRR showed consistent
results for the comparison of the environmental efficiencies of the
two water network systems. The EROIc and EIRRc in all environ-
mental impact categories and their weighted averages of WNS 1
were greater than those of WNS 2, and the EPPc in all environ-
mental impact categories and their weighted average of WNS 1 was
less than those of WNS 2, regardless of the discount rates. As
a result, WNS 1 was more environmentally efficient than WNS 2.
This was because WNS 1 reduced more environmental burdens in
the O&M stage than WNS 2 at the expense of the same amount of
additional environmental burdens in the construction stage. The
weighted averages of the EROIc, EPPc and EIRRc as single indicators
showed their simplicity, quantification, easy communication and
comparability, which is also required for the new environmental
and eco-efficiency labeling and for compensating for the weakness
of Type I or III environmental labeling.



Fig. 2. Water systems: (a) conventional water system (CWS); (b) water network system using the operations 1, 2, 3 and 4 (WNS 1); and (c) water network system using the
operations 1, 3, 4 and 5 (WNS 2). Industrial water (FW1) and deionized water (FW2) are supplied to water-using operations for production. Wastewater from operations is
discharged to local wastewater treatment plants or is supplied to operations for water reuse in case the wastewater quality meets the water quality requirement for the
operations (FW: Freshwater, OP: Water-using operation, TP: Local wastewater treatment plant, the values represent the flowrates of freshwater or wastewater (unit: m3/hr)).

S.-R. Lim, J.M. Park / Journal of Environmental Management 90 (2009) 3305–33123310
The environmental value indicators showed which system could
reduce more environmental burdens. The environmental value
indicators of WNS 1 and WNS 2 are summarized in Table 3. All the
ENPVc values were negative, indicating that the two water network
Table 2
Characterization results of the conventional water system (CWS) and water network syste
AP: acidification potential [kg SO2-equivalents]; EP: eutrophication potential [kg phosp
lents]; GWP: global warming potential (100 years) [kg CO2-equivalents]; HTP: human toxi
DCB-equivalents]; OLDP: ozone layer depletion potential (steady state) [kg R11-equivale
terrestrial ecotoxicity potential [kg DCB-equivalents]; DCB: 1,4 dichlorobenzene).

Life cycle stage ADP AP EP FAETP

CWS Construction 3.24Eþ02 1.82Eþ02 4.51Eþ01 2.06Eþ04
O&M 4.82Eþ04 3.51Eþ04 5.36Eþ03 1.28Eþ06
Disposal 1.04Eþ03 4.87Eþ02 4.07Eþ01 4.59Eþ04
Total 4.96Eþ04 3.58Eþ04 5.45Eþ03 1.35Eþ06

WNS 1 Construction 3.45Eþ02 1.96Eþ02 4.88Eþ01 2.18Eþ04
O&M 4.71Eþ04 3.13Eþ04 4.70Eþ03 1.17Eþ06
Disposal 1.10Eþ03 5.18Eþ02 4.32Eþ01 5.82Eþ04
Total 4.85Eþ04 3.20Eþ04 4.79Eþ03 1.25Eþ06

WNS 2 Construction 4.59Eþ02 2.55Eþ02 6.14Eþ01 2.93Eþ04
O&M 4.61Eþ04 3.25Eþ04 4.96Eþ03 1.20Eþ06
Disposal 1.48Eþ03 6.92Eþ02 5.73Eþ01 6.06Eþ04
Total 4.80Eþ04 3.34Eþ04 5.08Eþ03 1.29Eþ06
systems could reduce environmental burdens during their life cycle
by displacing CWS. The ENPVc in the environmental impact cate-
gories did not provide consistent results for the comparison of the
water network systems. The ENPVc of WNS 2 in the ADP, GWP,
ms (WNS 1 and WNS 2) in LCIA (ADP: abiotic depletion potential [kg Sb-equivalents];
hate-equivalents]; FAETP: freshwater aquatic ecotoxicity potential [kg DCB-equiva-
city potential [kg DCB-equivalents]; MAETP: marine aquatic ecotoxicity potential [kg
nts]; POCP: photochemical ozone creation potential [kg ethene-equivalents]; TETP:

GWP HTP MAETP OLDP POCP TETP

4.35Eþ04 1.32Eþ05 2.44Eþ07 4.03E-03 4.59Eþ01 3.20Eþ02
9.07Eþ06 5.55Eþ06 4.36Eþ09 1.82Eþ00 3.45Eþ03 1.01Eþ05
1.11Eþ05 6.77Eþ04 3.96Eþ07 7.79E-03 7.30Eþ01 3.64Eþ01
9.22Eþ06 5.75Eþ06 4.42Eþ09 1.83Eþ00 3.57Eþ03 1.01Eþ05

4.66Eþ04 1.40Eþ05 2.58Eþ07 4.28E-03 4.87Eþ01 3.40Eþ02
8.70Eþ06 5.05Eþ06 4.17Eþ09 1.42Eþ00 3.08Eþ03 9.90Eþ04
1.17Eþ05 7.16Eþ04 4.38Eþ07 8.25E-03 7.73Eþ01 3.86Eþ01
8.86Eþ06 5.26Eþ06 4.24Eþ09 1.43Eþ00 3.21Eþ03 9.94Eþ04

6.08Eþ04 1.88Eþ05 3.46Eþ07 5.70E-03 6.50Eþ01 4.54Eþ02
8.58Eþ06 5.20Eþ06 4.14Eþ09 1.52Eþ00 3.21Eþ03 9.58Eþ04
1.57Eþ05 9.64Eþ04 5.53Eþ07 1.11E-02 1.04Eþ02 5.14Eþ01
8.80Eþ06 5.48Eþ06 4.23Eþ09 1.54Eþ00 3.38Eþ03 9.63Eþ04



Table 3
Evaluation of the environmental indicators for the conventional water system (CWS) and water network systems (WNS 1 and WNS 2) (EROI: Environmental Return on
Investment; ENPV: Environmental Net Present Value; EPP: Environmental Payback Period; EIRR: Environmental Internal Rate of Return; r: Discount rate, ADP: Abiotic
Depletion Potential [kg Sb-equivalents]; AP: Acidification Potential [kg SO2-equivalents]; EP: Eutrophication Potential [kg Phosphate-equivalents]; FAETP : Freshwater Aquatic
Ecotoxicity Potential [kg DCB-equivalents]; GWP : Global Warming Potential (100 years) [kg CO2-equivalents]; HTP: Human Toxicity Potential [kg DCB-equivalents]; MAETP:
Marine Aquatic Ecotoxicity Potential [kg DCB-equivalents]; OLDP : Ozone Layer Depletion Potential (steady state) [kg R11-equivalents]; POCP: Photochemical Ozone Creation
Potential [kg Ethene-equivalents]; TETP: Terrestrial Ecotoxicity Potential [kg DCB-equivalents]; DCB: 1, 4 dichlorobenzene).

ADP AP EP FAETP GWP HTP MAETP OLDP POCP TETP Weighting Results

Weighting Factor (Hur
et al., 2004)

2.42E-01 6.40E-02 6.00E-02 9.90E-02 2.11E-01 1.05E-01 9.90E-02 1.72E-01 4.70E-02 9.90E-02 -

Normalization Reference
Value (IKP and PE
Europe GMBH, 2004)

2.14E+09 4.04E+09 1.77E+09 4.24E+10 6.32E+11 8.14E+11 1E+13 8641781 8.06E+08 4.69E+09 -

EROI r ¼ 0 WNS 1 50 269 178 81 117 62 133 1598 131 100 382
WNS 2 12 33 24 8 26 6 20 178 11 39 50

r ¼ 0.015 WNS 1 44 240 158 73 105 55 118 1422 116 89 340
WNS 2 11 29 21 7 23 5 18 158 10 34 45

ENPV r ¼ 0 WNS 1 -1.02E+03 -3.76E+03 -6.54E+02 -9.65E+04 -3.61E+05 -4.88E+05 -1.84E+08 -3.99E-01 -3.63E+02 -1.98E+03 -2.49E-06
WNS 2 -1.53E+03 -2.32E+03 -3.67E+02 -5.66E+04 -4.27E+05 -2.65E+05 -1.94E+08 -2.95E-01 -1.90E+02 -5.05E+03 -2.57E-06

r ¼ 0.015 WNS 1 -9.10E+02 -3.34E+03 -5.81E+02 -8.68E+04 -3.21E+05 -4.34E+05 -1.64E+08 -3.55E-01 -3.23E+02 -1.76E+03 -2.22E-06
WNS 2 -1.38E+03 -2.08E+03 -3.26E+02 -5.07E+04 -3.82E+05 -2.32E+05 -1.73E+08 -2.63E-01 -1.70E+02 -4.48E+03 -2.29E-06

EPP r ¼ 0 WNS 1 0.29 0.06 0.08 0.16 0.13 0.24 0.11 0.01 0.11 0.15 0.17
WNS 2 0.96 0.42 0.61 1.63 0.53 2.40 0.70 0.08 1.19 0.39 0.98

r ¼ 0.015 WNS 1 0.29 0.06 0.09 0.17 0.13 0.24 0.11 0.01 0.12 0.15 0.18
WNS 2 0.98 0.43 0.62 1.66 0.54 2.44 0.71 0.08 1.21 0.39 1.00

EIRR (%) WNS 1 349 1810 1189 611 796 417 905 10667 881 667 2569
WNS 2 104 237 164 61 189 41 144 1198 84 259 348
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MAETP and TETP categories were less than those of WNS 1 while
those of WNS 2 in the other categories were greater than those of
WNS 1. When the ENPVc were normalized and weighted to obtain
single indicators, WNS 2 was found to be able to reduce greater
environmental burdens throughout the life cycle. Therefore, it
should be noted that the ENPV was suitable for evaluating the
absolute amount of the environmental burdens reduced during the
life cycle.
6. Conclusions

The environmental indicators enable easy communication of
LCIA results without respect to the specifications, functionalities
and lifetimes of alternatives and so can improve and augment
LCA which has limitation on the difficult interpretation of LCIA
results. The environmental indicators can be evaluated from
diverse LCIA methods, even though the LCIA methods can
differently affect the absolute values of the environmental indi-
cators on the basis of inherent characteristics of impact assess-
ment methodologies. The environmental indicators can help
consumers, manufacturers, designers and managers easily choose
more environmentally efficient products, systems, processes and
services and can be employed for the new environmental or eco-
efficiency labeling. Therefore, the environmental indicators can
contribute to the environmental management represented by the
ISO 14000 series including the ISO 14040s (life cycle assessment),
ISO 14062 (design for environment), the ISO 14020s (environ-
mental labels and declarations), ISO 14063 (environmental
communication) and the ISO 14030s (environmental perfor-
mance evaluation).
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