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Water network synthesis has been used to conserve water resources and reduce
costs. The objective of this study was to verify the higher eco-efficiency of a water net-
work system (WNS), and to identify principal contributors to environmental burdens
and economic costs using life cycle assessment (LCA) and life cycle costing (LCC).
The WNS was compared to the conventional water system (CWS). LCA and LCC
results showed that the total environmental burdens and life cycle cost of the WNS
were lower than those of the CWS. The consumptions of industrial and ionized water
were principal contributors to the environmental and economic burdens. The third
principal contributor to the environmental burdens was electricity consumption, but
that to the economic costs was piping cost. These principal contributors can be
employed to obtain the simple and practical mathematical optimization models synthe-
sizing the most environmentally friendly, economical, or sustainable WNSs. © 2007
American Institute of Chemical Engineers AIChE J, 53: 3253-3262, 2007
Keywords: eco-efficiency, life cycle assessment, life cycle costing, water network syn-

thesis, water reuse

Introduction

Because cleaner production is increasingly required in the
context of sustainable development, much effort has been
made to simultaneously reduce the environmental burdens
and economic costs in processes, systems, utilities, products,
and services. Water is an essential resource for washing and
cooling, as well as being a product itself. Water consumption
generates high environmental burdens and economic costs in
water treatment, water supply, and wastewater treatment. In
1980, the first water network synthesis for a petroleum refin-
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ery plant was introduced to reduce the rates of freshwater
consumption and wastewater generation." Water network
synthesis is optimizing a water supply system to maximize
water reuse: water sources (e.g., wastewater, and/or treated
wastewater) are used for water sinks (e.g., systems and pro-
cesses), in case the properties of the water sources meet the
requirement of the water sinks. The concept of water net-
work synthesis is presented in Figure 1. Water network syn-
thesis is in the context of the industrial ecosystem, where
raw material consumption and waste generation are mini-
mized because waste is used as raw material for another pro-
cess.” Many water network synthesis technologies have been
developed and practiced in industrial plants, to reduce the
capital investment and operating costs in water systems.
However, the improvement in the environmental and eco-
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Figure 1. Concept of water network synthesis: (a) conventional water system (CWS); (b) water network system
(WNS) (FW, fresh water; OP, water-using operation; WW, wastewater).

nomic performance of a water network system (WNS) during
its life cycle has not been proved, even though it is the final
goal of water network synthesis.

Most previous studies for water network synthesis have
focused on solving mathematical formulations, such as non-
linear programming (NLP) and mixed integer nonlinear pro-
gramming (MINLP), to find global optima.l"%‘7 Genetic algo-
rithm was also applied to search global optima.® These
approaches are necessary because of nonconvexities resulting
from bilinear variables in the mass balances on contami-
nants.

Various objective functions have been intuitively formu-
lated in previous studies because the environmental and eco-
nomic analysis of WNSs has not been performed until now.
Simple formulae for investment and operating costs were
used to represent the total annual cost." Most studies have
minimized a single contributor, such as a total freshwater
flowrate, the number of interconnections, or fixed costs.®®!!
Other studies have used the sum of the operating cost for
freshwater and capital costs for pipes and wastewater treat-
ment, the sum of the limited capital and operating costs,1?
or the sum of the costs of freshwater supply, water and
wastewater treatment, pipes and sewers.'> One multi-objec-
tive optimization studied to simultaneously minimize the
total annualized cost and environmental impacts did not
include piping costs.'*

The intuitively formulated objective functions should not be
used to synthesize the most environmentally friendly, econom-
ical, or sustainable WNSs because all principal contributors to
environmental burdens and economic costs were not included
in the objective functions. In other words, the WNSs gener-
ated from the intuitive objective functions were not the most
environmentally friendly, economical or sustainable, even
though the solutions of the mathematical optimization models
for the WNSs were global optima. And it should be mentioned
that the formulation of all contributors to environmental bur-
dens and/or economic costs in the objective function is not
preferable for obtaining simple and practical models: too com-
plicated models can have the difficulty obtaining their solu-
tions. Therefore, the environmental and economic analysis of
a WNS is required to indentify the principal contributors to its
environmental burdens and economic costs, which should be
employed in formulating the objective function of the practical
models synthesizing the most environmentally friendly, eco-
nomical and sustainable WNSs.

Life cycle assessment (LCA) and life cycle costing (LCC)
methods are useful tools to evaluate the environmental bur-
dens and economic costs during the life cycle.'”'® The eco-
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efficiency of systems and processes can be improved by
reducing environmental burdens and economic costs while
increasing profits and benefits. The concept of eco-efficiency
has become more important for cleaner production and
green engineering.'” Each result of LCA and LCC can be
combined to derive the eco-efficiency indicators used to
compare the environmental and economic performance of
alternatives.?’

This study is the first attempt to analyze the environmental
and economic performance of a WNS and provides funda-
mental and valuable information required to practically syn-
thesize the most environmentally friendly, economical, and
sustainable WNSs. The objective of this study is (1) to verify
the higher eco-efficiency of the water network system than
the conventional water system; (2) to identify principal con-
tributors to environmental burdens and economic costs from
water systems; and (3) to analyze the tradeoffs incurred from
water network synthesis. To verify the improvement of its
eco-efficiency, the environmental and economic performance
of a WNS was compared with that of a CWS. A WNS was
synthesized on the basis of a mathematical optimization
model. The two water systems were designed to specify all
the contributors. The CML2001 methodology used for the
classification and characterization of environmental burdens
was employed to evaluate their environmental performances
in the LCA.?' And LCC were employed to evaluate their
economic performances.

Methods

Seven water-using operations in an iron and steel plant
were employed as water sources and sinks for water network
synthesis; these are used for steelmaking, continuous casting,
and cold forming processes. The limiting process data for
water network synthesis is presented in Table 1, showing the
minimal operational conditions required for each water-using
operation. The distance matrix for interconnections among the
freshwater sources, operations, and local wastewater treatment
plants was used to estimate the length of pipes, as provided in
Table 2. Water is used for direct and indirect cooling, wet
scrubbing, scale breaking, flume flushing, and cleaning. The
capacities and concentrations of industrial and deionized water
of freshwater sources are presented in Table 3.

Water network synthesis
A superstructure model was generalized to reflect real sit-
uations in the plant (Figure 2), which included all possible
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Table 1. Limiting Process Data for Water Network Synthesis

Operation Contaminant Ccre,, mg/L CIo > mg/L My, kg/h Fyop m*/h Foin, m’/h Frax, m’/h

OP 1 CODcr 50 600 6.5 70.7 90 150
Ss 20 200 2.0
cr- 90 1100 12.9

OP2 CODcr 30 500 33 49.7 60 90
SS 5 100 0.5
cr- 120 2300 16.4

oP 3 CODcr 30 500 35 38.8 50 90
Ss 2 50 03
cr- 50 750 6.2

OP 4 CODcr 20 250 23 36.6 50 90
Ss 3 50 04
cr- 20 300 3.0

OP5 CODcr 20 300 2.8 25.3 40 80
Ss 4 60 05
cr- 20 300 2.8

OP 6 CODcr 23 400 32 8.3 20 70
Ss 5 80 0.6
cr- 10 200 L5

OP 7 CODcr 30 250 3.8 243 50 200
Ss 20 100 2.0
cr 1 10 0.1

interconnections between water sources and sinks. However,
local recycling from the outlet to the inlet within an opera-
tion was not allowed, so as to prevent excessive costs of
pumping with a high flowrate. This was because the small
gap between the concentrations of inlet and outlet in the
local recycling requires a high flowrate in the recycled line,
to transfer the contaminant load of the operation into water.’
Note that local recycling is useless if the operational condi-
tions do not require a high flowrate. Direct connections
between freshwater sources and local wastewater treatment
plants were also prohibited, to avoid loss of freshwater. It
was assumed that the mixers combined the many streams
into a single stream and that the splitters divided a stream
into all possible streams flowing to the water sinks.

On the basis of the limiting process data and the fresh-
water data, the original WNS was generated using the mathe-
matical optimization model described in Appendix A. In this
model, the total number of the variables is (n2 —n) + mn +
3n + 3cn, and the total number of the equality constraints is
3n + 2cn (the number of the contaminants, freshwater sour-
ces, operations are ¢, m, and n, respectively). Therefore, the
number of independent variable is equal to n* — n) + mn.
GAMS/MINOS?? was used as an NLP solver to find solu-
tions whose global optimality cannot be guaranteed by the

chosen solution procedure. A linear programming (LP)
model, generated by fixing the flowrates or concentrations in
the mathematical optimization model, was used to determine
initial points. However, it should be mentioned that even
local solutions were useful for industrial applications if they
achieved a significant reduction in the total freshwater cost.
The wastewater streams were connected to the local waste-
water treatment plants, reflecting the real circumstances in
the plant. The original WNS resulting from the optimal solu-
tion was simplified by eliminating any inefficient intercon-
nections with a flowrate of less than 4.0 m?/h. This was done
because interconnections with a low flowrate could reduce
the environmental and economic performance of the WNS,
and because the simplified WNS was practical for the imple-
mentation of a WNS. The simplified WNS was employed for
the following water systems design, LCA and LCC analyses.

Water system design

The WNS and CWS were specifically designed to obtain
their detailed data which was used for LCA and LCC. All
contributors in the two water systems were specifically
designed on the basis of practical implementation. To make
impartial comparisons between the two water systems, the

Table 2. Distance Matrix

Fwl1 Fw2 OP1 OP2 OP3 OP4 OP5 OP6 OP7
OP1 2,250 280
OP2 2,060 1,010 1,010
OP3 4,960 4,930 4,980 4,980
OP4 2,090 410 460 280 4,140
OP5 920 1,010 1,030 140 4,120 650
OP6 980 1,140 1,200 220 4,060 710 170
OP7 4,550 4,580 4,660 4,390 380 4,280 3,900 3,850
TP1 460 520 300 520 570
TP2 300
TP3 410

FW, freshwater; OP, water-using operation; TP, local wastewater treatment plant; Unit, meter.
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Table 3. Capacities and Concentrations of
Freshwater Sources

Ce» mg/L
Freshwater Fre, m>/h CODcr S8 cr
FW 1 Industrial water 600 0 0 15
FW 2 Deionized water 250 0 0 0

CWS was revised using the same design criteria as those
applied to the WNS.

Pipe diameter and head loss were calculated simultaneously
with the flowrate and pipe length. Head loss was calculated
using the Darcy-Weisbach equation.”® The maximum head
loss basis was set at 200 and 20 kPa for pumping and gravity
flow, respectively. Carbon steel was selected for the pipe ma-
terial. The Korean Standard, KS D 3507, was used to deter-
mine the specific characteristics of the pipe. The distances
between the water sources and sinks were used as the pipe
lengths of the interconnections. The specifications of the
pumps and electric motors required for the transfer of fresh-
water and wastewater were determined in relation to the flow-
rate and water head requirements. The discharge pressure of a
pump was determined by summing the head losses through
the pipes and the water pressure required for the water-using
operation. The water pressures required at the end of the pipe
were assumed to be 250 and 100 kPa for water-using opera-
tions and local wastewater treatment plants, respectively.
Pump pits were required for the storage of wastewater prior to
it being pumped to the water-using operations for water reuse
or to the local wastewater treatment plants. The hydraulic
retention times of the pump pits were set at 30 min.

Life cycle assessment

LCA was performed to evaluate and compare the environ-
mental burdens associated with the two water systems during
their life cycle on the basis of their design results. The LCA
procedure was performed in accordance with the ISO 14040
series of standards*: goal and scope definition, life cycle in-
ventory analysis (LCI), life cycle impact assessment (LCIA),
and life cycle interpretation.

The goal of this LCA was to verify the higher environ-
mental performance of the WNS. The scope definition
included the system, function, functional unit, reference flow,
system boundaries, allocation, data qualities, and assump-
tions. The system and its function were defined as a water
system designed to supply the water-using operations with
industrial and deionized waters, and to transfer wastewater to
the local wastewater treatment plants. The functional unit
was defined as a water system required for the seven water-
using operations shown in Tables 1 and 2 during its life
cycle (15 years). The reference flow was set to one unit of
the water system. System boundaries included all the contrib-
utors in the water systems illustrated in Figures 3a,c. The
allocation was not required in this LCA. The same data qual-
ities were used for the comparative assessment, because most
data were calculated on the basis of the same design criteria
and assumptions. The service life of the two water systems
was assumed to be 15 years with respect to the lifetime of
the pipes and mechanical equipment.

LCI was performed to quantify all inputs and outputs asso-
ciated with each water system throughout its construction,
operations and maintenance (O&M), and disposal. The GaBi
4.0*" and Ecoinvent v1.2* databases were used for the LCL:
the databases show the quantity of all the materials and
energy required to obtain the unit quantity of an item. Inven-
tory in the construction stage included the manufacture of
pipes, pumps and motors, construction of the pump pits,
associated transportation, and piping works. Consumption of
utilities (e.g., industrial and deionized water, electricity), and
maintenance and repairs were included in the O&M stage.
The disposal stage included the recycling of steel, iron, and
copper, as well as the landfill of concrete.

LCIA was performed to evaluate the significance of poten-
tial environmental impacts on the basis of the results of the
LCI. CML 2001 methodology was used for the classification
and characterization, to evaluate the environmental burdens
of the two water systems. The environmental impact catego-
ries consist of abiotic depletion, acidification, eutrophication,
freshwater aquatic ecotoxicity, global warming, human toxic-
ity, marine aquatic ecotoxicity, photochemical ozone crea-
tion, and terrestrial ecotoxicity.
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Figure 2. A generalized superstructure model used for the water network synthesis.
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Figure 3. Comparison of the water systems: (a) conven-
tional water system (CWS); (b) original water
network system (WNS) generated from the
optimal solution to the mathematical optimi-
zation model; (c) simplified WNS, modified by
eliminating interconnections with a flowrate of
less than 4 m%h (FW, freshwater; OP, water-
using operation; WW, wastewater).

The life cycle interpretation was performed to comprehen-
sively estimate the results of the preceding steps. The charac-
terization results of the WNS were compared with those of
the CWS, to examine the effect of the tradeoffs resulting
from the water network synthesis on the variation of the
environmental performance. Principal contributors to the
environmental burdens were identified.

Life cycle costing

LCC analysis was employed to estimate the economic per-
formance of the two water systems. The life cycle of the
LCC was divided into four categories: (1) design and super-
vision, (2) construction, (3) O&M, and (4) disposal. The
design and supervision stage consisted of the basic and
detailed designs, as well as supervision. The cost of the con-
struction stage was divided into the costs for piping, equip-
ment (pump and motor), pump pits, construction expenses,
and the contractor’s overhead and profits. O&M cost
included the operating cost of industrial and deionized water,
electricity, and maintenance and repairs. The cost of the dis-
posal stage was divided into the costs for recycling, landfill
and construction expenses, and the contractor’s overhead and
profits. The cost estimation was performed using databases
consisting of price and cost information.”®*’ The service life
for the LCC was set at 15 years, as in the LCA.

After future costs were discounted to present values with
respect to the time value of money, the present values were
summed to obtain the life cycle cost for each water system.
Because the O&M cost recurred annually and the disposal
cost was incurred at the end of the service life, they had to
be converted to present values, to be equally estimated and
compared with an initial capital investment cost.'®>*® The
present value was estimated using the following equation:

PV=P(1+e)/(1+i) (1)

where PV = present value; P = future value; e = escalation
rate; i = discount rate; ¢t = time.

To discount future costs, the discount rate was set at 5.7%
in relation to the yields of treasury bonds (5-years) over the
last 10 years in South Korea,”” and the escalation rate was
assumed to be 3.0% targeted by the Bank of Korea for the
period between 2004 and 2006.*° The life cycle costs of the
two water systems were compared to examine the effect of
the tradeoffs resulting from the water network synthesis on
the variation of the economic performance. Principal contrib-
utors to the economic costs were identified.

Table 4. Summary of the Design Results for the Conventional Water System (CWS) and Water Network System (WNS)

Life Cycle Stage Contributor Unit CWS WNS
. . . Length m 21,140 36,780
Construction and Disposal Pipe Weight ke 507.648 630.648
Pump Weight kg 642 2,333
Motor Weight kg 726 948
Pump pit Volume m’ 46 70
Operations and Industrial water Flowrate m’/h 277.8 268.7
Maintenance (O&M) Deionized water Flowrate m’/h 68.6 53.8
Total electricity consumption during Energy kWh 10,762 11,602
life cycle (in thousands)
AIChE Journal December 2007 Vol. 53, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3257
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Figure 4. The results of the cost estimation in each life cycle stage and the life cycle costs.

Future costs were discounted to present values.

Results and Discussion

The original WNS was generated from the optimal solu-
tion to the mathematical optimization model (Figure 3b), and
was first compared to the CWS (Figure 3a). The water net-
work synthesis reduced total freshwater consumption rate
from 346.4 to 316.3 m>/h (8.7%), which showed its contribu-
tion to the conservation of water resources and to the reduc-
tion of freshwater costs. The decrease in the flowrate of
deionized water was greater than that of industrial water.
The flowrate of deionized water was decreased from 68.6 to
52.5 m’/h (23.5%), while that of the industrial water was
diminished from 277.8 to 263.8 m*/h (5.0%). This difference
was due to the objective function of the mathematical opti-
mization model which drove the reduction of deionized water
cost rather than that of industrial water cost, because the unit
cost of deionized water is higher than that of industrial
water. The flowrate of wastewater was also reduced from
92.7 to 62.6 m>/h (32.5%). This reduction would improve the
removal efficiencies and lower the operating cost in the exist-
ing local wastewater treatment plants because of the decrease
in hydraulic loads, even though contaminant loads remained
unchanged. Construction of a WNS in a new plant can
reduce the initial capital investment cost related to the waste-
water treatment.

The simplified WNS was obtained by eliminating intercon-
nections with a flowrate of less than 4.0 m>/h (Figure 3c). In
this system, freshwater flowrate increased, from 263.8 to
268.7 m’/h and from 52.5 to 53.8 m’/h, for industrial and
deionized water, respectively, because of the decrease in the
amount of reused water. The wastewater generation rate also
increased, from 62.6 to 68.9 m’/h, because additional fresh-
water was supplied to meet the water requirement of the
water-using operations.

The water network synthesis incurred tradeoffs between
the reduction in freshwater consumption and increase in the
quantities of all other contributors (Table 4). The total length
and weight of the pipes in the WNS were 74.0% and 24.2%
greater than those in the CWS, respectively. The total
weights of pumps and motors, and the total volume of pump
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pits in the WNS were 263.4%, 30.6%, and 52.2% greater
than those in the CWS, respectively. In the O&M stage, elec-
tricity consumption in the WNS was 7.8% higher than that in
CWS. These increases occurred because the increases in the
quantities of the pipe, pump, motor, pump pit, and electricity
consumption required for the water reuse exceeded the
decreases in quantities resulting from the decrease in fresh-
water consumption and wastewater generation.

The LCA showed that the WNS was environmentally
more efficient than the CWS. The results of the environmen-
tal impact assessment are presented in Table 5 (the extent of
environmental burdens is expressed by the value of the envi-
ronmental effect score). The effect scores over the total life
cycle of the WNS were lower than those of the CWS by
2.7-6.9% for the environmental impact categories. The
increase or decrease in the environmental burdens of each
contributor through the water network synthesis was in ac-
cordance with the results of the water system design; the
effect scores of the WNS were greater than those of the
CWS in the stages of construction and disposal, and those of
the WNS were less in the O&M stage. The potentials of
acidification and photochemical ozone creation throughout
the life cycle of the WNS were equal to that of the CWNS,
and the other potentials of the WNS were less than those of
the CWS. Therefore, the tradeoffs between the environmental
impact categories were not incurred through the water net-
work synthesis.

The principal contributors to the environmental burdens
during the life cycle were the consumptions of industrial and
deionized water, as well as electricity; the other contributors
were negligible (Table 5). The proportion of the effect scores
of the contributor to the total effect scores summed over the
life cycle in the environmental impact categories were from
31.7 to 62.0% and from 32.7 to 64.5% for industrial water,
from 26.1 to 36.8% and from 21.0 to 31.2% for deionized
water, and from 6.7 to 31.4% and from 7.8 to 36.2% for
electricity used in the CWS and WNS, respectively. How-
ever, the effect scores of the pipes were negligible; its pro-
portions to the total effect scores in the environmental impact
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Figure 5. Cost estimation of all the contributors in the water network system (WNS) and conventional water sys-
tem (WNS): (a) construction stage; (b) operations and maintenance (O&M) stage (on an annual basis);

(c) disposal stage.

categories were from 0.3 to 2.4% and from 0.4 to 3.1% in
the CWS and WNS, respectively. Therefore, the consumption
of industrial and deionized water, as well as of electricity,
should be included in the objective function of the mathe-
matical optimization model, to obtain a more environmental-
friendly WNS, and the tradeoffs among the environmental
burdens from these principal contributors should be optimized
to minimize the total environmental burdens of the WNS. In
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addition, most of the environmental burdens were generated in
the O&M stages because of long-term effects over the service
life; their proportions to the total effect scores were from 96.4
t0 99.6% in the CWS and from 93.4 to 99.5% in the WNS for
the environmental impact categories.

The LCC revealed that the WNS was economically more
efficient than the CWS (Figure 4): water network synthesis
reduced the life cycle cost by 1.7%. This was because the
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reduction of the O&M cost exceeded the increased construc-
tion cost required to build the WNS, even though the O&M
cost decreased by 6.1% and the construction cost increased
by 30.9%. The greatest proportion of the life cycle costs was
incurred in the O&M stage. The O&M costs were 88.1% and
84.1% of the life cycle costs, but the construction costs were
only 9.6% and 12.8% in the CWS and WNS, respectively.
Costs of design, supervision, and disposal were not signifi-
cant in the total life cycle.

The principal contributors to the economic costs during
the life cycle were the costs of industrial and deionized
water, and of piping (Figure 5). Note that the piping cost had
significant effects on construction expenses, the contractor’s
overhead and profits, and on the costs of maintenance,
repairs, and decommissioning which are proportional to a
direct cost such as the piping cost.>> However, the electricity
cost for pumping was not more important than the piping
cost, and even less than the maintenance and repairs cost,
even though the consumption of electricity was a more sig-
nificant contributor to environmental burdens than was the
piping. This was because the environmental burdens from all
industries required to generate electricity during the life cycle
of the water systems were much more than those required
for piping, and also because the piping cost included labor
costs which were not included in the LCA. Therefore, the
costs of industrial and deionized water, and of piping should
be included in the objective function of the mathematical
optimization model, to practically generate the most econom-
ical WNS. In addition, the most sustainable WNS can be
obtained by using multi-objective optimization based on the
model including the economic costs of industrial and deion-
ized water, and of piping, as well as the environmental bur-
dens from industrial and deionized water consumption, and
from electricity consumption.

Conclusions

LCA and LCC analyses verified that the WNS had lower
environmental burdens and economic costs than the CWS
and was therefore more eco-efficient. These analyses esti-
mated the effects of the tradeoffs in water system design on
the environmental and economic performance of the WNS,
and identified their principal contributors to the environmen-
tal burdens and economic costs.

In addition to the LCA and LCC analyses, this study
showed that the extent of the contribution of each intercon-
nection used for water reuse to the total environmental and
economic performance needs to be additionally evaluated to
effectively implement WNSs in real situation. The intercon-
nections having the significant effect on the performance
improvement can be employed to enhance the effectiveness
of the total interconnections in the WNS; however, the inter-
connections having the negligible effect should be neglected
to enhance the effectiveness of their construction and the ef-
ficiency of their O&M and disposal, as in the method revi-
sing the original WNS to the simplified WNS. For example,
the interconnections with a high flowrate should be given pri-
ority for construction in implementing the WNS in the iron
and steel plant, because the higher decrease in freshwater
consumption induces the higher decrease in environmental
burdens and economic costs.
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This study provides fundamental information required for
the application of ecodesign to process integration technolo-
gies, such as water, heat, and hydrogen network synthesis.
Especially valuable to these process integration technologies
is the discovery that electricity consumption required for the
transfer of fluids is a principal contributor to environmental
burdens, while piping cost is a principal contributor to eco-
nomic costs, but not to environmental burdens.

Acknowledgments

This work was financially supported in part by the Korean Science
and Engineering Foundation (R11-2003-006) through the Advanced
Environmental Biotechnology Research Center at Pohang University of
Science and Technology and in part by the Korean Ministry of Com-
merce, Industry, and Energy through the Korean National Cleaner Pro-
duction Center. This work was also supported by the program for
Advanced Education of Chemical Engineers (2nd stage of BK21).

Literature Cited

1. Takama N, Kuriyama T, Shiroko K, Umeda T. Optimal water allo-
cation in a petroleum refinery. Comput Chem Eng. 1980;4:251-258.

2. Frosch RA, Gallopoulos N. Strategies for manufacturing. Sci Am
1989;261:144-152.

3. Bagajewicz M. A review of recent design procedures for water net-
works in refineries and process plants. Comput Chem Eng. 2000;24:
2093-2113.

4. Quesada I, Grossmann IE. Global optimization of bilinear process
networks with multicomponent flows. Comput Chem Eng. 1995;19:
1219-1242.

5. Karuppiah R, Grossmann IE. Global optimization of the synthesis of
integrated water systems in chemical processes. Comput Chem Eng.
2006;30:650-673.

6. Mann JG, Liu YA. Industrial Water Reuse and Wastewater Minimi-
zation. New York: McGraw-Hill, 1999.

7. Alva-Argaez A, Kokossis A, Smith R. Wastewater minimization of
industrial systems using an integrated approach. Comput Chem Eng.
1998;22:5741-S744.

8. Prackotpol D, Srinophakun T. GAPinch: Genetic algorithm toolbox
for water pinch technology. Chem Eng Process. 2004;43:203-217.

9. Huang CH, Chang CT, Ling HC, Chang CC. A mathematical pro-
gramming model for water usage and treatment network design. /nd
Eng Chem Res. 1999;38:2666-2679.

10. Bagajewicz M, Savelski M. On the use of linear models for the
design of water utilization systems in process plants with a single
contaminant. Trans Inst Chem Eng Part A. 2001;79:600-610.

11. Yang YH, Huang YL. Synthesis of an optimal wastewater reuse net-
work. Waste Manage. 2000;20:311-319.

12. Thoming J. Optimal design of zero-water discharge rinsing systems.
Environ Sci Technol. 2002;36:1107-1112.

13. Gunaratnam M, Alva-Argaez A, Kokossis A, Kim JK, Smith R.
Automated design of total water systems. /nd Eng Chem Res. 2005;
44:588-599.

14. Erol P, Thoming J. ECO-design of reuse and recycling networks by
multi-objective optimization. J Clean Prod. 2005;13:1492-1503.

15. Friedrich E. Life-cycle assessment as an environmental management
tool in the production of potable water. Water Sci Technol. 2002;
20:29-36.

16. Carpentieri M, Corti A, Lombardi L. Life cycle assessment (LCA)
of an integrated biomass gasification combined cycle (IBGCC) with
CO, removal. Energ Convers Manage. 2005;46:1790-1808.

17. Spitzley DV, Grande DE, Keoleian GA, Kim HC. Life cycle optimi-
zation of ownership costs and emissions reduction in US vehicle
retirement decisions. Transport Res Part D. 2005;10:161-175.

18. Gluch P, Baumann H. The life cycle costing (LCC) approach: A
conceptual discussion of its usefulness for environmental decision-
making. Build Environ. 2004;39:571-580.

19. Shonnard DR, Kicherer A, Saling P. Industrial applications using
BASF eco-efficiency analysis: Perspectives on green engineering
principles. Environ Sci Technol. 2003;37:5340-5348.

DOI 10.1002/aic 3261



20. Suh S, Lee KM, Ha S. Eco-efficiency for pollution prevention in
small to medium-sized enterprises. J Ind Ecol. 2005;9:223-240.

21. IKP, PE Europe GMBH. Gabi 4.0 Software. 2004.

22. GAMS Development Corporation. GAMS: A User Guide. Washing-
ton, DC: GAMS Development Corporation, 2005.

23. McGhee TJ. Water Supply and Sewerage. New York: McGraw-Hill,
1991.

24. ISO. Environmental management-Life Cycle Assessment-Principles
and Framework. ISO 14040. 1997.

25. Swiss Center for Life Cycle Inventories. Ecoinvent Data Version
1.2. 2005.

26. The Price Information. Korea Price Information, Corporation, Seoul,
Korea 2006;422.

27. The Cost Estimation. Korea Price Information, Corporation, Seoul,
Korea 2006.

28. Peters MS, Timmerhaus KD. Plant Design and Economics for
Chemical Engineers. New York: McGraw-Hill, 1991.

29. Korea National Statistical Office. http://www.nso.go.kr. 2006.

30. The Bank of Korea. http://www.bok.or.kr. 2006.

Appendix A: Mathematical Optimization
Model for Water Network Synthesis

The mathematical formulation model used to optimize a
water network system is as follows:

For the objective function to minimize the total freshwater
cost,

Minimize Cost!, = Z Z FoyopinUC,, (AD)

weW opincOP

Subject to the following:
For the overall mass balance of the entire water network
system,

Z Z waopin -

weW opineOP

E F opout,ww

wweWW

> Frop=0 (A2)

opcOP

For the mass balances of the mixers,

Z Fw,opin + Z Fopout.opin - Fopin =0 (A3)

weW opoutcOP

E FonpinC(',w + § Fopou[,opinc(',opoul - FopinCc,opin =0
weW opoutcOP

(A4)

For the mass balances of the operations,
Fopin - FL,op - Fopout =0 (AS)
FopinCc,opin + Mc,op - Fopoutcc,opout =0 (A6)

For the mass balances of the splitters,

Fopout - § Fopout,opin - Fopoul,ww =0 (A7)
opincOP

For the constraints of the flowrate and concentration on
the operations,

Fggfn < Fopin < g;i(, (AS)
C(',opin < T,g;m (A9)

Cczopoul < cres

c¢,opout

(A10)

For the constraints of the maximum flowrate on the fresh-
water sources,

§ max
Fw,opin - FW < 0
opincOP

(Al1)

For the constraints on the prevention of local recycling,

Fopout,opin = 0, where the value of opout is the same as that of

opin. (Al2)
Appendix B: Notation Used for the
Mathematical Optimization Model
Sets
C = {clc is a contaminant in the water}, ¢ = 1, 2, ..., Nc
W = {wlw is freshwater available}, s = 1, 2, ..., Nm
WW = {wwlww is wastewater}, ww = 1,2, ..., Nn
OP = {oplop is a water-using operation}, op = 1,2, ..., Nn
= {opinlopin is a water-using operation}, opin = 1, 2, ..., Nn
= {opoutlopout is a water-using operation}, opout = 1, 2, ..., Nn
Variables
C. opin = concentration at the inlet of a water-using operation.
Cciopom = concentration at the outlet of a water-using operation.

Cost!, = total cost per an hour for freshwater.
Fopin = flowrate at the inlet of a water-using operation.

Fopom = flowrate at the outlet of a water-using operation.

= flowrate from the outlet of a water-using operation to the
inlet of other one.

= flowrate from the outlet of a water-using operation to
wastewater.

= flowrate from freshwater to a water-using operation.

F opout,opin
F opout,ww

F w,opin

Parameters

;"g;in = maximum concentration at the inlet of a water-using opera-
B tion.

'rngéom = maximum concentration at the outlet of a water-using opera-
! .
tion.

Cop = freshwater concentration.

F op = Water loss rate in a water-using operation.

Fg})liﬂz = minimum flowrate at the inlet of a water-using operation.
F(sz:ﬁ = maximum flowrate at the inlet of a water-using operation.
Fmax = maximum flowrate for freshwater.
M, o, = mass load of a contaminant.

UC,, = unit cost of freshwater.
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