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Abstract

This study investigated the sorption characteristics and recovery of selected heavy metal Cd(II) from K-feldspar and sepiolite,
representative soil components, using rhamnolipid biosurfactant. Although the proposed technique was classified as a soil
bhioremediation process. it can also be applied to treatment of waste waters containing Cd(Il) ions with minor modifications. The
effect of initial Cd(11) concentration on sorption capacity was characterized by determining the sorption isotherms. Of the four models
examined. the Freundlich model showed the best fit for the sorption of Cd(ll) on K-feldspar. whereas the Langmuir-model was used
succesfully to characterize the sorption of Cd(Il) on sepiolite. Although a high Cd(Il) uptake of 7.49mmol/kg by K-feldspar was
obtained, sepiolite was a superior Cd(11) accumulater. with & maximum Cd(TI) uptake of 24.66 mmol Cd(II)/kg. The presence of Cd(Il) in
the sepiolite or K-feldspar prior to addition of the rhamnolipid generally resulted in less rhamnolipid sorption to sepiolite or K-feldspar.
The maximum Cd(Il) desorption efficiency by rhamnolipid from K-feldspar was substantially higher than that of sepiolite and
determined to be 96% of the sorbed Cd(11). whereas only 10.1% of the sorbed Cd(IT) from sepiolite was recovered by rhamnolipid
solution,

O 2007 Elsevier Lid. All rights reserved.

Kevieords: Soil remediation; K-feldspar: Sepiolite; Langmuir model: Freundlich model: Desorption: Rhamnolipid biosurfactant

1. Introduction intensive agriculture in developed countries has shown up
the use of important quantities of intrans. i.e. fertilisers and
Due to its acute toxicity, cadmium together with lead amendments like activated sludges or manure (Lebeau el
and mercury forms the “big three” of heavy metals with the  al., 2002). The relevant EU Directive. as well as the US
greatest potential hazard to humans and the environment. EPA. and the FAO/WHO have set the maximum
The industrial uses of cadmium are increasing in electro- contaminant level Cd(I1) cations in domestic water and in
plating. paint pigments, plastics, silver cadmium and  soil to be 5].k_g|_] and 70 pgday"], respectively (Vig et al,,
nickel-cadmium battery industry and smelter operations, 2003; Zouboulis et al., 2004),
often affecting the environment at distances of a 100km Remediation of soil contaminated with toxic metal
order ol magnitude (Volesky. 1990: Farquhar et al., 1997), cations has conventionally involved the excavation and
Anthropogenic activities such as industrial waste disposals  disposal in landfills or capping of the contaminated site.
and sewage sludge disposals on land have led to  However, these traditional technologies do not actually
accumulation of Cd in soil (Vig et al.. 2003). In addition,  remediate the soils, and very expensive (Mulligan et al.
2001a). The search for novel technologies has recently been

*Corresponding author. Tel.: +903122992124; fax: + 903122977444, directed to the application of bioremediation. Technologies
E-mail address; vesimsia hacetiepe.edutr (Y. Sag Agikel), using microorganisms and biosorbents to remove heavy
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metalg from wastewaters have been extensively studied
(Bruins et 4l.. 2000; Sag et al, 2003a.b). Biosorption
involves a combimation of active and passive transport
mechanisms. starting with the diffusion of metal ions to the
surface of microbial biomass. Metal ion uptake by passive
transport mechamsms may involve the contribution of
adsorption, chelation. complexation, coordination or
micro-precipitation mechanisms (Yilmaz, 2003; Lin and
Lin, 2008). Sorption by any of these mechanisms effectively
limits the availability ol metals for removal by flushing.
Soil pores vary greatly in size ranging from less than 2 um.
whereas the size of a bacterial cell is as large as 0.2 mm in
diameter. The smallest pores can act as a filter for metal-
binding microorganisms and transport ol the metal
through the soil is prevented (Miller. 1993). As an
alternative technology, biosurfactants produced by bacter-
ia and veasts could be used for the environmental
remediation of heavy metals from soils, surface and
subsurface waters (Christofi and Ivshina, 2002). With
respect 1o size, biosurfactants have a distinet advantage
over wholecells and exopolymers. In the pH range of
6.0-7.0, rhamnolipid structures are predominantly small
vesicles; <30 nm in diameter, and micelles, approximately
Snm in diameter (Tan et al.. 1994; Herman et al.. 1995).
Surfactants have both hydrophilic (polar), usually referred
to as the head, and hydrophobic/lipophilic (nonpolar),
known as the tail. portions in the molecule (Zhang and
Miller, 1992; Christofi and lvshina, 2002; Zouboulis et al.,
2003). The heads of the surfactant molecules point toward
the surrounding aqueous solution while the tails face
inward toward the hydrophobic center of the structure.
The anionic biosurfactant carries a negative charge, so
when the molecule encounters a cationic metal, an ionic
bond is formed (Frazer, 2000: Kim et al., 2000). If this
bond is stronger than the metal’s bond with the soil. it will
be enough to pump water through the soil to remove the
contaminant. The biosurfactant used in this study, a
rhamnolipid. was from the glycolipid group and was
produced by Pseudomonas aeruginosa, u common soil
microorganism (Sandrin et al., 2000; Mulligan and Wang,
2000).

Addition to type of biosurfactant, type of soil, pH of
soil. cation exchange capacity, particle size. permeabilities
and contaminants all affect metal removal efficiencies
(Frazer. 2000; Alumaa et al., 2001; Mulligan et al., 2001b;
Markiewicz-Patkowska et al., 2005; Shawabkeh, 2005; Pu
and Cutright, 2006). When the type of soil changes. the
efficiency of metal removal process [rom soil using
biosurfactant will also be change. For that reason the
metal desorption efficiency using rhamnolipid biosurlac-
tant must be searched in various components of soil rather
than in various soils. Otherwise, increasing number of
experiments performed on various types of soils will not
enough Lo obtain expected results for simulation of real
heavy metal-polluted environment. Feldspars are the name
ol an impertant group of rock-forming minerals which
make up perhaps as much as 60% of the Earth’s crust,

commonly found in rocks, sediments, and soils. K-feldspar
(KAISi;05: microcline or orthoclase) and Na-feldspar
(albite:  NaAlSi;Og) in a significant proportion of
feldspar ores exist in the same matrix usually in quantitics
of about 3-5% Na;O and K-O (Farquhar el al., 1997;
Demir et al, 2003). On the other hand. sepiolite
[Mg4SizO5(OH) - 6H50], a zeolite like clay mineral, is a
hydrous magnesium silicate characterized by its fibrous
morphology and intracrystalline channels. Sepiolite con-
tains a continuous two-dimensional tetrahedral sheet of
T>05 (T = Si, Al Be....) but has no continuous octahedral
sheets. Sepiolite has molecular sized channels (3.6 x 10° A)
and large specific surface arca with more than 200m” g~
(Garcia-Sanchez et al., 1999: Sabah et al.. 2002: Vico, 2003:
Kocaoba and Akyuz, 2005). Because of this excellent
fibrous structure, organic and mnorganic ions can penetrate
into the structure of sepiolite, and this makes it an
important industrial raw material in sorptive, rheological
and catalytic applications. Most of the world’s sepiolite
reserves are found in Turkey.

The objective of this study was to delermine the sorption
of Cd(Il) ions onto K-feldspar and sepiolite as well as to
research rhamnolipid-mediated desorption of Cd(11) ions
from K-feldspar and sepiolite. There is little literature
published about the sorption/desorption of heavy metal
ions onto soil components such as K-feldspar. sepiolite.
kaolin (Asct et al., 2007). This tcchnique with small
changes can also be applied to the removal and recovery
of heavy metal ions from wastewaters using K-feldspar and
sepiolite as sorbent and rhamnolipid as complexation or
chelating agent. In addition. the sorption of rhamnolipid to
K-feldspar and sepiolite was investigated. Little is currently
known about the sorption of biosurfactant monomers or
aggregate structures by soil componernts.

2. Materials and methods
2.1. Biosurfactant

The rhamnolipid used (JBR 425) was obtained [rom
Jeneil Biosurfactant Co.. Lle, Saukville, WI. The rhamno-
lipid uwsed is a mixture of two major rhamnelipids.
monorhamnolipid. x-L-rhamnopyranosyl-f-hydroxydeca-
noyl-f-hydroxydecanoate (R1: CsHy0s) and dirhamno-
lipid, 2-O-g-t-rhamnopyranosyl-z-L-rhamnopyranosyl-fi-
hydroxydecanoyl-fi-hydroxydecanoate (R2: Ci,Hs:O5).
Molecular weights of RI and R2 are 3504 and 630,
respectively. The rhamnolipid aggregate morphology un-
dergoes significant changes in the pH region of 6.5-7.5. At
pH 5.0. rhamnolipid begins to visibly precipitate out of
solution. The rhamnolipid is unstable at extreme pH due to
hydrolysis of the glycosidic linkage between sugar and
lipid. The biosurfactant is stable to 121 °C for at least 1 h
and at room temperature. The rhamnolipid used has a
critical micelle concentration (CMC) of 30mg/L
(=0.1mM) and a surface tension of 20mN/m (Jeneil
Biosurfactant Co.. LLC. 2001).
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2.2. K-feldspar and sepiolite

The component of soil. K-feldspar. is used as raw
material in ceramic factories. Tt was ground and sieved to
(0.224-0.425mm size. Chemical analyses of the K-feldspar
and sepiolite samples were carried out on X-ray fluores-
cence spectrophotometer. Typical chemical properties of
the K-feldspar used for sorption/desorption experiments
are presented in Table 1. The analysis to this material
revealed that it contain mainly SiO,. ALO; and K,0,
which they account for 96.2% of the total weight.
respectively.

Sepiolite was obtained from sepiolite mines of Eskigehir
region of Turkey. The chemical composition of sepiolite is
also shown in Table 1. It contains mainly SiO, MgO.
which they constitute 76.7% of the total weight. The
sepiolite  samples were ground and sieved to
0.140-0.425 mm size.

2.3. Rhamnolipid sorption by K-feldspar and sepiolite

The K-feldspar and sepiolite pellets were autoclaved to
prevenl biodegradation of rhamnolipid. To measure
rhamnolipid sorption, 1.5g of K-feldspar or sepiolite
pellets were suspended in 10 mL of varying concentrations
of thamnolipid (0-100mM) in 50-mL centrifuge tubes.
Control solutions contained the rhamnolipid solutions at
the same concentration without added K-feldspar or
sepiolite. The tubes were agitated on a shaker at 25°C
for 72 h, which is sufficiently long for sorption equilibrium.
The samples were centrifuged at 19.000g for 20min.
Rhamnolipid concentration in the supernatant was esti-
mated by surface fension measurement using a surface
tensiomat (KRUSS Digital Tensiometer K9, KRUSS
GMBH. Wissenschaltliche Laborgerate. Borsteler Chaus-
gee 83-994, D-22453 Hamburg), which employs the Du
Nouy ring method. Rhamnolipid concentration was

Table 1
Chemical properties of K-feldspar and sepiolite used for sorplion;
desorption experiments

K-feldspar Content Sepiolite Content
composition (w0 composition (w1%)
NaaO 2,56 O 212
MopO) [).0745 Na-+O 0.0427
ALO, 184 MgO 24.6
511 64,3 AlOs 0195
S0, 0.0124 S0, 52.1
K.O 13.5 PO 0.0149
CaQ 0,135 SOy 0.0291
Cr.0, 0.163 K0 0.0338
Fe;05 0.784 CuO .46
NiQ) 00623 Fea04 0.153
Cud 00184 NI 0.0866
RbyO 0.0220 CuO 0.0153
St 0.0127

determined using a calibration curve relating surface
tension (mMN/m) to rhamnolipid concentration (mM).
Calibration curves were prepared under conditions iden-
tical to those lor each experiment.

24, Cdr 1) removal by K-feldspar and sepiolite

To investigate Cd(IT) recovery by rhammolipids from the
K-feldspar and sepiolite, firstly Cd(I1) was loaded to the K-
feldspar and sepiolite. Cd(Il) solutions were prepared by
diluting 8.9 mM stock solution of cadmium(ll). obtained
by dissolving CdN-Oy, - 4H-0 in distilled water. The range
of concentrations ol prepared Cd(Il) solutions varied [tom
0.25 10 5.32mM. A 1.5¢ of K-feldspar or sepiolite placed
into 50-mL centrifuge tubes was treated in 10 mL of metal
ion solutions. Control experiments were performed with
the same metal ion solutions without added K-feldspar or
sepiolite. Batch kinetic sorption experiments were con-
ducted at pH 6.8, a constant agitation rate of 150 rpm and
temperature of 25°C. Batch type conlact studies were
continued for 72 h. Alter reaching ultimate equilibrium. the
tubes were centrifuged at 19.000g for 20min and the
supernatant was acidified to pH 2.0 with 1% HNO; for
atomic absorption analysis. The concentration of unad-
sorbed Cd(Il) in the sample supernatant was determined
using an atomic absorption spectrophotometer (ATI-
UNICAM 929 England) with an air-acetylene flame.
Sorbed Cd(l1l) concentration by K-feldspar or sepiolite
was calculated from the difference between initial Cd(II)
concentration in solution and Cd(II) eoncentration re-
mained in the supernatant after sorption.

2.5. Recovery of Cd(I1) by rhamnolipid biosurfactant from
K-feldspar and sepiolite

The Cd(ll)-sorbed K-feldspar or sepiolite was treated
with 10mL of increasing concentrations of rhamnolipid
solutions in the range 0-100 mM. The control solution was
used to determine whether distilled water alone recovered
K-feldspar or sepiolite-bound Cd(IT) or not. The centrifuge
tubes containing K-feldspar or sepiolite mixed with
rhamnolipid solution were placed on a shaker at 25°C
and 150 rpm for 72h and then centrifuged at 19.000¢ for
20 min. The supernatant was analyzed for Cd(II) concen-
tration by atomic absorption analysis. The pH of super-
natant samples were then adjusted with concentrated
HNO; to<2 Lo precipitate the rhamnolipid. To recover
the thamnolipid pellets, each sample was centrifuged and
then the supernatant was diluted in 1% HNOx for alomic
absorption analysis.

3. Results and discussion
3.1. Sorption of rhamnolipid by K-feldspar and sepiolite

To determine the sorption characteristics of the rham-
nolipid onto K-feldspar and sepiolite in the absence of
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Tible 2
Amount of rhamnolipid in liquid phase (%) in the absence and presence of
I mM Cd(I1) when K-feldspar or sepialite was used as sorhent

CRlmmnolipid con, (M)* Sepiolite K-feldspar
No metal Cd(I1) No metal Cdll)
25 Q 8.3 #1.8 831
23 () 10.2 90,1 918
50 13.5 218 86.8 6.8
B0 25:1 428 89,6 96.9
100 38 50,1 95.1 100

*Concentration of thunmmolipid added 1o K-feldspar or sepiolite,

Cd(11) ions, the concentrations of the rhamnelipid solu-
tions were varied between 12.5 and 100 mM. Rhamnolipid
sorption ento sepiolite was considerably higher than that
onto K-feldspar (Table 2). In the absence of Cd(11) ions, at
the lower rhamnolipid concentrations tested (12.5-50mM).
rhamnolipid sorption to sepiolite was high (between 100%
and 86.5% sorbed). Liquid phase rhamnolipid concentra-
tion increased as the amount of rhamnolipid added was
increased. At higher rhamnolipid concentrations (80 and
100 mM), sorption was reduced to between 74.9% and
68.2%. Although the general change of rhamnolipid
sorption onto K-feldspar with increasing rhamnolipid
concentration was the same with sepiolite. rhamnolipid
sorption efficiency remained in the range of 18.2-4.9%. To
myestigate the effect of Cd(Il) ions on the rhamnolipid
sorption to K-feldspar and sepiolite. the concentrations of
rhamnolipid solutions were increased from 12,5 to 100 mM
while the initial Cd(Ll) concentrations in each sorption
medium were Kept constant at | mM. The presence of
Cd(I1) in the sepiolite prior to addition of the rhamnolipid
was observed to affect the sorption of rhamnolipid. The
presence of sepiolite-bound Cd(I1) resulted in less rham-
nolipid sorption to sepiolite. Sorption of rhamnolipid onto
sepiolite was decreased from 91.3% to 49.9% in the
presence of 1 mM Cd(II) with a larger amount of Cd(II)
sorbed (100% or 6.58 mmol Cd(1T) kg™' sepiolite). Due to
the weak sorption of rhamnelipid by K-leldspar, aqueous
phase rthamnolipid concentrations was increased less in the
presence of 1 mM Cd(1l) in the solution (or 1.87 mmol
Cd(Ily kg~ K-feldspar). Sorption of rhamnolipid onto
K-leldspar decreased from 14.9% to 0%. There are two
possible mechanisms for rhamnolipid sorption explained
m literature. The first mechanism is cation bridging
between the anionic polar head eroup and sorbed cations
on soil-component, Hydrophobic interactions between the
nonpolar tails and hydrophobic regions in the soil-
component organic maltler alse play important role in
rhamnolipid sorption (Herman et al.. 1995; Torrens et al.,
1998: Ochoa-Loza et al.. 2007). However, the mechanism
of rhamnolipid sorption and the role of cation bridging
in rhamnolipid sorption have not been investigated in
detail yel.

3.2, Remorval of Cd{ 11} ions by K-feldspar and sepiolite

3.2.1. Effect of pH

Effect of pH was studied in the pH range 5.0-7.6 with
optimized 1.5 g K-feldspar or sepiolite dose, 0.9 mM initial
Cd{ll) concentration and at temperature 25°C. Fig. |
depicts the effect of pH on sorption efficiency of Cd(Il)
onto K-feldspar. The sorption efficiency lor K-feldspar
increased [rom 44.7% to 50.3% with an increase in
solution pH from 5 to 6, then remained approximately
constant at 51.4%. The sorption efficiency of Cd(11) onto
sepiolite seems to be independent of pH with in studied pH
range and initial Cd(IT) concentration. When sepiolite was
treated with 0.9mM Cd(11) solution, the sorption efficiency
was determined as 100% at all pH values tested.

3.2.2. Effect of initicd Cd{11) ion concentration

The concentration of Cd(I1) was varied from 0.25 to
5.29mM. The pH was kept as 6.8 while the amount of
K-leldspar or sepiolite added was 1.5ga. Although sorbed
Cd(I1) quaniity per unit weight of K-feldspar or sepiolite
increased with increasing initial CA(IT) concentration, the
sorption eflfictencies of Cd(I1) for both sorbents decreased
(Fig. 2). The relative number of binding sites available to
the metal ion would reduce as the concentration of the
metal lon was increased. The K-feldspar or sepiolite
became nearly saturated at high initial concentrations.
The Cd(l) sorption capacity of sepiolite was higher
substantially than that of K-feldspar. A maximum Cd(II)
uptake of 100% by sepiolite was reached at initial
Cd(II) concentrations in the range of 0.25-1.0mM while
K-feldspar exhibited maximum Cd(II) uptake of 63.2% al
initial Cd(1l) concentration ol 0.45 mM.

3.2.3. Serption isotherms of Cd(Il) onto K-feldspar and
sepiolite

To investigate the sorplion equilibrium of Cd(II) onte
K-feldspar and sepiolite. the sorption equilibrivm results
were fitted to the Langmuir, Freundlich, Redlich—Peterson,

100

80 t

s 60 V/W
j 40
200 ¢
0 " N . .
4 5 6 7 8

pH

Fig. 1. Effect of pH on Cd(IT) sorption efficiencics by K-feldspar (Ceq .
0.90mM: temperature. 25 'C: amount of K-feldspar. 1.5 g; stirmme rate;
| S0 rpm ).
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Fig. 2, Effect of initial Cd(IL) concentration on Cd(Ll) sorption efficicncies
by K-feldspar and sepiolite (pH. 6.8: temperature. 25 °C: amount of K-
feldspar or sepiolite. 1.5g; stirring rate, 150 rpm).

and Koble-Corrigan sorption models to obtain the
characteristic parameters of each model.

The most widely used isotherm equation for modeling of
the sorption equilibrium data is the Langmuir equation

(Langmuir 1916):

Q°KCa

S ; 1

where C,q is the metal concentration in solution, Q" is the
maximum amount of sorbed material required to give a
complete monolayer on the surface, and K is a measure-
ment of relative sorption affinity. The Langmuir model
assumes that each site accepts only one molecule. that
sorbed molecuies are organized as 4 monolayer. that all
sites are cnergetically equivalent and that there is no
interaction between sorbed molecules. The Langmuir
cquation obeys Henry's law at low concentrations.

The Freundlich expression is an empirical equation
hased on sorption on a heterogeneous surface. The
Freundlich equation is commonly presented as (Freun-
dlich, 1907)

foq = KFC&I‘"' (2)

The Freundlich constant Ky is an indication of the
sorplion capacity of the sorbent; 1/n indicates the effect of
concentration on the sorption capacity and represents the
sorplion intensity.

A further empirical isotherm has been developed by
Redlich and Peterson (RP). incorporating three parameters
(Redlich and Peterson, 1959):

Falha

M (3)

q\ik] -

when ff = 1. the Redlich—Peterson equation reduces to the
Langmuir cquation. IfﬁrRCfL is much greater than 1, then it
becomes the Freundlich equation. If a-R('fq is much less
than 1, which occurs at low concentrations. then it becomes
a linear isotherm equation.

Koble—Corrigan model is another three-parameter em-
pirical model for the representing equilibrium sorption
data. It is a combination of the Langmuir and Freundlich
isotherm-type models and is given by (Koble and Corrigan,
1952)

ACL s
L+ 8C,’

quq ==

where 4, B and b are the Koble-Corrigan parameters,
respectively. When b= 1. the Koble-Corrigan equation
reduces to the Langmuir equation. If BCY, is much less
than 1. sorption is very low, then it becomes the Freundlich
equation. If BCL’LI is much greater than 1, sorption is very
high. the sorbed sorbate quantity per unit weight of sorbent
al equilibrium remains constant and is defined by the
following equation:

g, =i (3)
24 B -

Generally, the Langmuir isotherm model is applied to
experimental sorption data in order to investigate the
maximum monolayer sorption capacity of sorbent while
Freundlich isotherm model described better the sorption
on heterogeneous surfaces. Redlich-Peterson and Koble—
Corrigan isotherm models are applied to improve the fit for
a wide range of initial sorbate concentration.

The sorption model constants were estimated from the
sorption data ol Cd(IT) ions on K-feldspar and sepiolite by
using a DataFit (trial version) computer program. The
Langmuir. Freundlich. Redlich-Peterson and Koble-Cor-
rigan constants and the residual sum of squares (SSE),
standard error of the estimate (), coefficient of multiple
determination (R*) and adjusted coefficient of multiple
determination (R?) between the experimental values and
the predicted values using the models are given in Table 3
for K-feldspar and in Table 4 [or sepiolite. Langmuir and
Freundlich type sorption models are used to model
sorption from dilute aqueous solutions. All sorption
models fit the sorption equilibrium data of Cd(II) ions
onto K-feldspar appearing excellent the coefficients of
multiple determination R within the metal concentrations
studied (0.45-2.64mM). However. the Redlich—Peterson
model seems Lo be best represent the measured biosorption
data. The goodness of fit of sorption models is also
dependent on the number of adjustable parameters taking
into account the reduction in degrees of freedom. In fact
the adjusted coefficient of multiple determination (R?).
which takes into accoun! the number of model parameters
is also needed to calculate and compare. The value of R
for Freundlich model was the highest of the four models
examined, in this case, Frecundlich model with two
adjustable parameters must be preferred over the Red-
lich-Peterson model with three parameters. The Freundlich
sorption isotherm obtained at pH 6.8 for the sorption of
Cd(II) ions onto K-feldspar is shown in Fig. 3. In all the
figures where metal uptake equilibrium data are shown, the
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Compurison of the sorption isotherm cocfficients and SSE. o, R and R values between experimental and predicied values using by Tangmuir. Fraundlich.

Redlich-Peterson and Koble-Corrigan models for K-feldspar

Langmuir mode!

Freundlich madel

Redlich—Peterson model

K.(.Tbl L‘—C urrig_LLn mq le.:l

0" (mmolke ™) K (Lmmol™") SSE 7 R R
.60 .86 0.0575 01199 0,9900 00875
K (mmol™ kg ' L") m

2.99 1.63 00110 0.0525 (1.908] 1.0074
Ke(Lkg ) ag (L'mmol ) B

3271 9.90 043 0.0103 : (L0393 (19982 0.9969
A (mmol' Pkt LM B (L"mmol ®) b

3.14 003 (r64 (o108 0.0600 0.9981 (19969

Table 4

Compurison of the sorption isotherm coefficients und SSE. 6, R and RS values between experimental and predicted values using by Langmuir. Fretmdlich,

Redlich-Peterson and Koble -Corrigan models lor sepiolite

Langmuir model 0" (mmol ke 'y K (Lmmol ™" SSE T R i
28.17 4.64 0.4012 (1.3657 0.0066 0.0055
Freundlich model Ki (mmol"kg ™' L") n
22.41 348 6.6276 1. 4863 (19439 (:.9252
Redlich-Peterson model Kp (Lkg h ag (L mmol 7 B
11272 3.82 .07 01819 0.3016 0.9983 0.9969
Koble-Carrigan model A (mmol' Pk LY B (LY mmol ") b
177.07 6.61 5 g 0.1663 (.283] 0.9986 ().9973
§ the Freundlich-type model failed o describe the sorplion
results. However, the Redlich-Peterson constant f and the
4 Koble-Corrigan constant n approach |. This means that
1 o the sorption isotherms reduced the Langmuir model within
2 3 *_,-" the metal concentrations studied (1.85-5.29mM) (Fig. 4).
2 gt Il the adjusted coellicients of multiple determination of all
5 4 models examined are also compared, it is seen that these
o= P 5 2 3 o e - . A
o b coefficients in case ol sepiolite did not show a significant
d change for two and three-parameters models, and order of
I ¢ ¢ Experimental 5t dia Z N
=« == Freundlich model s Chclngt.
" Sorption isotherms can also be used to compare sorptive
S : - capacity of soil components for Cd(11) ions. The Langmuir
C. tmM) constant, O, represents the sorption capacity when the

‘el

Fig. 3, Freondlich sorption isotherm [or Cd(Ll) sorption onto K-feldspar
(pH. 6.8; temperature. 25°C; amount of K-feldspar, 1.5 g stirring rate,

150 rpm ).

model profiles are presented as dashed lines and the
experimentally obtained values are given by symbols,

On the other hand, of the four models examined. the
Koble—Corrigan and Redlich—Peterson models showed the
best fit for the Cd(II) sorption data onto sepiolite, whereas

surlace 18 saturated with metal fons, IU is roughly an
indicator of the ultimate sorption capacity. The Langmuir
constant, K is the ratio of adsorption/desorption rates
and reflects the alfinity between the sorbents and Cd(II)
ions. A large value ol K implies strong and irreversible
bonding of metal ions. The highest K and @ values were
obtained for the sorption of Cd(Il) ions onto sepiolite.
As the values of Freundlich sorption constant, n, for
K-feldspar and sepiolite are lound to be higher than 1.
these wvalues indicate [avorable sorption. Substantially
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Fig. 4 Lanpmur sorption sotherm for Cd(Il) sorption onto sepiolite
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higher K and » values obtamned (or the sorption of Cd(I1)
ions onto sepiolite verify higher Cd(I1) sorption capacity
and intensity ol sepiolite versus K-feldspar. The values of
Redlich Peterson  and  Koble—Corrigan  constants  for
sepiolite were also considerably higher than those for
K feldspar, and were a sign of high Cd(Il) sorption
capacity. aflinity. and intensity.

Because ol the ervstal-chemical features. heavy-metal
uptake by the sepiolite oceur by adsorption and/or cation
exchange reactions. Adsorption takes places on the oxygen
1on¢ of the tetrahedral sheets. on the water molecules at the
edges of the octahedral sheet and on Si OH groups along
and OH ™ at
the oxide-water interface is related to the protolysis of
surface O groups EMSOH. Bivalent metal ions such as
Cd(11) are sorbed on surface MSOH sites on the broken
edges of the sepiolite with simultaneous release of protons,
The next step of this reaction is the incorperation of sorbed
cation lo ectahedral sheet. lon exchange occurs by
substituting the solvated cations inside the channels and,
or inside the vctahedra at the edges ol the channels. Tn the
process of ion exchange. bivalent metal ions like Cd(11)
replace Na(l) andior Me(Ll) in the edges of octuhedral
sheet (Brigatti et al., 2000; Kara et al.. 2003: Vico, 2003).
On the pther hand, studies on heavy metal sorption
mechanisms with feldspars are very scurce in literature,
Cd(Il) was reported to only be physisorbed by perthitic
feldspur and outer-sphere complexation played an impor-
tant role in the Cd(I) removal mechanisms ol perthitic
feldspar (Farquhar el al., 1997).

the direction ol fibers. The adsorption of H

3.3, Recovery of Cdi I} ions from K-feldspar and sepiolite
u.yr'ny rf:rm-r:zuff.pfzf ,Iwin.s'm;}‘é'.ff'.fm?.f

334 Effeer of pH

The biosurfactant-contaimmg solution was adjusted 1o
various pIis in the range 5.0-7.6 at 25 C and allowed to
stand far 72 h. following which Cd{Il) concentrations were

measured. This pH range was chosen for several reasons.
In aqueous solution, surfactants reduce surface tension by
accumulating at interfaces and lacilitating the formation of
emulsions between liquids of different polarities. The
surface tension of rhamnolipid solutions is guile scnsilive
1o pH. The surface activity of the rhamnolipid is highest
between pH 7.0 and 7.5, As the pH is increased above 7.3,
there 1s 4 slight decrease in surfagce activity that results in an
incresse in surface tension. As the pH is deereased [rom 7.0
to 5.0, surface activity decreases significantly. resulting
in a considerable mcrease in surface tension (Zhang and
Miller, 1992), Rhamnolipid preeipitation iy observed when
the pH is decreased below 3.0. Al low concenlralion,
surfactants ure present as individual molecules. However,
as the concentration of the surlactant 18 increased. a
concentration is reached where no lurther change in
interfacial properties takes place. The amount of surfactant
needed to achieve the lowest possible surlace lension 1§
defined as the CMC. At the CMC, surfactant molecules
aggregate to form structures such as bilayers. vesicles, or
micelles. The type and size ol aggregate [ormed depends
on the surfactant structure and on the solution pH. At a
low pH (<6.0), rhamnolipids form liposome-like vesicles.
Between pH 6.0 and 6.6, rhamnolipids form either lamella-
like structures or lipid aggregates. The rhamnosyl molety is
negatively charged above pH 6.8 and micelles Torm.
Micelles are the smallest basic structure formed. generally
less than 3nm in diameter. and main effective form [or
metal immobilization. Vesicle structures arc next in size
then micelles and range from 10 nm to more than 300 nm in
diameter (Miller, 1993). In these technology. the size of the
metal-ligand complex is eritical 1o prevent [iltration of
metal complexes by small soil pores. The best recovery
efficiency. 86.1% of the sorbed Cd(II) (1.56 mmol kg h
by K-feldspur and 10,12% of the sorbed Cd(Il)
(7.7 mmolkg ') by sepiolite. was achieved by adjusting
the medium pH value Lo 6.8 (Fig. 3).
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3.3.2. Effect of rhamnolipid concentration

The effect of rhamnolipid concentration for CdA(II)
desorption from K-feldspar and sepiolite. at pH 6.8 is
shown in Fig. 6. In the case of desorption from K-feldspar.
the recovery efficiency was approximately 96.0% of the
sorbed Cd(I) (1.87 mmolkg™") for the rhamnolipid con-
centrations in the range 50-80mM. At rhamnolipid
concentrations lower than 30mM. Cd(IT) desorption
efficiency slightly decreased. weak rhamnolipid sorption

to K-feldspar appeared to a little limit the ability of

rhamnolipid (o mobilize K-feldspar-bound Cd(11). To
prevent excess rhamnolipid treatment. the rhamnolipid
concentration should be kept at a minimum-optimum level
of 50mM. On the other hand, 50mM rhamnolipid
recovered only 7.81% of the sorbed Cd(I1) (6.58 mmolkg ')
from sepiolite, and increasing concentrations of rhamno-
lipid upto 50mM decreased the Cd(Il) desorption effi-
ciency from 7.81% to 4.54%. There may be two reasons of
this behavior. Firstly Cd(Il) is sorbed more strongly and
slowly reversible to sepiolite than K-feldspar and form
maore stable complexes with ligands of sepiolite. Secondly
rhamnolipids arc also strongly sorbed to sepiolite. To
mobilize sepiolite-bound metals, rhamnolipid sorption
must be minimized.

3.3.3. Effect of amount of Cd(1I) loaded to K-feldspar and
sepiolite

After treatment of the K-feldspar to Cd(II) solutions in
the range of concentrations varying (rom 0.45 to 3.32mM,
the amounts of desorbed Cd(I1) by 25mM rhamnolipid
solution were determined at pH 6.8. Although the Cd(IT)
recovery efficiency was the highest (88.8% ) at the minimum
sorbed Cd(Il) quantity per unit weight of K-feldspar
(0.95mmolkg™"). it decreased with increasing amount of
Cd(11) loaded to K-feldspar (Fig. 7). To investigate the
effect of amount of Cd(IT) loaded to sepiolite on the Cd(IT)
desorption efficiency. the sepiolite samples were contacted
with Cd(IT) solutions at the concentrations varying [rom
0.25 to 5.29 mM. A slight increase in the Cd(IT) desorption
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efficiency was observed with increasing amount of Cd(I1)
loaded (o0 sepiolite upto 7.7l mmolkg ', and 10.12% of
loaded Cd(II) was recovered by the 530mM rhamnolipid
solution (Fig. 7). Cd(il) desorption efficiencies from
K-feldspar using the rhamnolipid biosurfactant were
considerably higher than those from sepiolile. Although
the rhamnolipid biosurfactant was recovered Cd(IT) ions
from K-feldspar successfully, it remained ineffective in the
case of sepiolite. a superior Cd(11) sorbent.

The resulting sorption-desorption isotherms show that
the desorption of Cd(Il) from K-feldspar was more
exlensive than that from sepiolite (Figs. 8 and 9). The
amounts of Cd(IT) desorbed from sepiolite were very small.
The lmmited desorption of Cd(Il) [rom sepiolite suggests
that the sorpiion reactions taking place are only slowly
reversible or a high activation energy is required for
desorption.

4. Conclusions

In this study, the sorption of Cd(II) by K-feldspar and
sepiolite as representative soil components was studied as a
function of pH and initial metal ion concentrations.
Although both the soil components sorbed the subs-
tantial amounts of Cd(1l). sorption capacity of sepiolite
was considerably higher than that of K-feldspar. For
K-feldspar a maximum Cd(IT) uptake was measured as
749 mmol/kg. On the other hand. sepiolite reached a
maximum uptake value of 24.66 mmol Cd(I1)/kg. Sepiolite.
due to its structure and morphology. has a great number of
terminal silica tetrahedrons present in its external surfaces
and consistently also a great number of silanol groups.
which are effective in the uptake of bivalent metal cations.
The Freundlich maodel represented the sorption process of
K-feldspar better than the Langmuir-type ones. On the
other hand. sorption data of sepiolite were best modeled by
the Langmuir model.

To determine the rhammolipid availability for metal
recovery, rhamnolipid concentrations in K-leldspar and
sepiolite were determined in the absence and presence of
Cd(IT). Rhamnolipid was shown to be strongly sorbed lo
sepiolite where as the rhamnolipid sorption capacity of K-
leldspar was very low. The presence of Cd(IT) in the
gepiolite prior to addition of the rhamnolipid decreased the
sorplion of rhamnolipid from §6.5% to 78.2% ol the
rhamnolipid added. Because of the poor rhamnolipid
sorption capacity of K-feldspar, the presence of Cd(II) in
the K-feldspar had a little effect on the liquid phasc
rhamnolipid concentration. This study demonstrated that
rhamnolipid washing technology can be used successliully
in the bioremediation of Cd(IT)-contaminated soil contain-
mg K feldspar as main component. The best recavery
efficiency from K-feldspar. approximately 96% ol the
sorbed CA(IT) (1.87 mmol kg ') was achieved by adjusting
the pH to 6.8 and using the rhamnolipid concentrations in
the range 50-80mM. On the other hand, the Cd(IT)
recovery efficiency remained 10.12% of the sorbed Cd(11)

(7.71 mmol kg h by the 30mM rhamnolipid solution.
Another interesting result obtained in this study total
Cd(Il) and rhamnolipid sorption capacity of sepiolite was
considerably higher than that of K-feldspar., There are
many binding sites on sepiolite to bind Cd(IT) and
rhamnolipid partially separale.
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Abstract

The prediction accuracy of agricultural nonpoint source pollution models such as Soil and Water Assessment Tool (SWAT) depends
on how well model input spatial parameters describe the characteristics of the watershed. The objective of this study was Lo assess the
effects of different soil data resolutions on stream fow, sediment and nutrient predictions when used as input for SWAT. SWAT model
predictions were compared [or the two US Department of Agriculture soil databases with different resolution, namely the State Soil
Geographic database (STATSGO) and the Soil Survey Geographic database (SSURGO). Same number of sub-basins was used in the
watershed delineation. However, the number of HRUs generated when STATSGO and SSURGO soil data were used is 261 and 1301,
respectively, SSURGO, with the highest spatial resolution. has 51 unique soil types in the walershed distributed m 1301 HRUs. while
STATSGO has only three distributed in 261 HRUS. As a result of low resolution STATSGO assigns a single classification to areas that
may have different soil types il SSURGO were used. SSURGO included Hydrologic Response Units (HR Us) with soil types that were
generalized to one soil group in STATSGO. The difference in the number and size of HRUs also has an effect on sediment yield
piramelers (slope and slope length). Thus, as a result of the diserepancies in soil type and size of HR Us stream flow predicted was higher
when SSURGO was used compared to STATSGO. SSURGO predicted less stream loading than STATSGO in terms of sediment and
sediment-attached nutrients components, and viee versa for dissolved nutrients. When compared to mean daily measured Aow,
STATSGO performed better relative to SSURGO before calibration, SSURGO provided better results after calibration as evaluated by
R? value (0.74 compared to 0.61 for STATSGO) and the Nash-Sutcliffe coefficient of Efficiency (NSE) values (0.70 and 0.61 for
SSURGO and STATSGO. respectively) although both are in the same satisfactory range. Modelers need to weigh the benefits before
selecting the type of data resolution they are going to use depending on the watershed size and level of accuracy required because more
effort is required to prepare and calibrate the model when a fine resolution soil data is used.
€ 2007 Elsevier Lid. All rights reserved.

Keywords: SWAT model: STATSGO: SSURGO; Water quality: Stream Row: Sediment; Nutrients

crusting in sandy soils and micro-aggregation in clay soils,
sandy soils allow a high rate ol water mfiltration and
produce less runoff while soils consisting of poorly drained
clay soils allow a low mfiltration and produce more runoff

1. Introduction

Soil physicochemical information is one of the crucial
mputs neceded to assess the impacts ol existing and

alternative agricultural management practices on water
quality. Assuming that there are no significant impacts
[rom other factors that control soil hydrodynamics such as
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(Haan et al., 1994). Soil properties also influence sediment
and nutrient loading to streams. Thus, it 18 important to
evaluate the effects of the spatial scale at which the soil
database is developed. In the United States. State Soil
Geographic database (STATSGO) and Soil Survey Geo-
graphic database (SSURGO) are the most commonly
available soil databases. Because soil data sets may yield
different results in water-quality predictions. it 18 important
to consider this important issue when developing Totul
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Maximum Daily Loads (TMDLs) for impaired watersheds
where conflicting interests of stakeholders may opt for
different soil data sets. STATSGO and SSURGO devel-
oped by the Natural Resources Conservation Agency
(NRCS) are digital soil databases that are used in most
water-quality simulation models to derive soil input data.
The STATSGO maps arc compiled by the NRCS through
generalizing more detailed soil survey maps, often county
level soil maps that are at the scale of SSURGO (USDA-
NRCS, 1995). Where SSURGO-level maps are not
available, data on geology, topography. vegetation. cli-
mate, and Landsal images of the area are used to generate
STATSGO maps.

The mapping scale for STATSGO is 1:250,000 (USDA.,
1994). The base map used is the US Geological Survey
1:250,000 topographic quadrangles. The number of soil
polygons per quadrangle map is between 100 and 400.
SSURGO is the most detailed level of soil mapping. Maps
arc made at scales ranging from 1: 15,840 to 1: 31,680
(Kroner and Cozzie, 1999). The smallest soil map unit
represented in STATSGO is aboul 6.25km” (625 ha),
whercas it is about 0.02km’ (2ha) in the SSURGO
database. [n this study, the two spatially different soil
databases (STATSGO and SSURGO) have been used to
determine the effect of scale on stream flow and water
quality,

STATSGO soil data is available throughout the United
States. However. not all areas have SSURGO data in
digilal format. NRCS expects completion of the SSURGO
data digitizing by 2008 (USDA, 2006). For this reason.
very few studies have considered the effect of spatial scale
on waler quality when soil input is derived at different
spatial resolution. Besides, not all hydrology and water-
quality models are compatible with SSURGO data. For
instance. the SSURGO in its standard format is incompa-
tible for use within Soil and Water Assessment Tool
(SWAT) especially with ArcView SWAT (AVSWAT)
version 2000 (Peschel et al., 2003). A pre-processor
extension for the AVSWAT model (SSURGO SWAT
2.0) was developed by Peschel et al. (2003). SSURGO
database is included in the current version of SWAT
(AVSWATX 2003) although digital SSURGO data 1s
limited especially in western United States. In addition.
because there may be thousands of SSURGO units in a
watershed. using SSURGO data that is not digitized is not
usually practical for watershed modeling studies.

Soil surveys use map unit boundaries across which
observed differences are significant and within which the
soil is relatively homogeneous. However. there is hetero-
geneity within seil map units. Thus, map unit in all soil
surveys includes other seil components that are not
identified in the map unit either because they are too small
to be delineated separately at a given soil survey scale or
deliberately included in delineations of another map unit to
avold excessive detail in the map (Soil Survey Division
Staff. 1993). These inclusions reduce the homogeneity or
purity of map units and often aflect interpretation or

modeling. Lin et al. (2005) assessed soil spatial variability
at multiple scales. They demonstrated that soil spatial
variability is a function of map scale. spatial location. and
specilic soil property. They used a measure of spatial of soil
variability within a map unit termed map unit purity. In
general, area weighted map unit purity decreased with
decreasing map scale.

Modeling studies have been conducted to evaluate the
effect of soil data resolutions on stream flow and water-
quality predictions. Chaplot (2005) evaluated the impact of
DEM mesh size and soil-map scale on SWAT runoff,
sediment, and NOj; predictions. The study indicated that
there might be no significant increase in the accuracy of
models, as a result of more precise topographic or soil
information. which increases the input data collection and
preparation. The study used different map seales (1,/25.000;
1/250.000, and 1/300.000 scale) within the SWAT 1o
simulate runofl, sediment, and NO; load. For runoff, few
differences existed between the map scales. In contrast, the
scale of the soil input maps greatly affected nitrogen as well
as sediment loads. The 1/250,000 and 1/500,000 maps
significantly decreased the mean monthly N load. For all
DEM mesh sizes, the finest soil information enhanced the
prediction quality for runoff| nitrogen and sediment loads.

Another study on DEM grid resolution by Zhang and
Montgomery (1994) showed that DEM grid size signifi-
cantly affects topographic parameters. The finest resolu-
tion DEM (10 m) provided better results than a 30m and
90m data. Brown et al. (1993) investigated response of
Areal Non-Point Source Walershed Environment Re-
sponse Simulation (ANSWERS) to variations in soil,
terrain. and land cover data aggregation levels. Soils. land
cover, slope angle data were generalized by assigning a
class value occupying the majority of the arca with in an
aggregation unit to all cells within the unit. The study
concluded that the magnitude of change in the model out
puts due to aggregation depends on the spatial dependence
ol the input variables. The degree of spatial dependence
within the input variables had an influence in the results.

Levick et al. (2004) compared Food and Agricultural
Organization (FAQ) soils with STATSGO and SSURGO
at the United States Department of Agriculture, Agricul-
tural Research Service (USDA-ARS) Walnut Gulch
Experimental Walershed in Arizona using the Kinematic
Runoff and Erosion Model (KINERQOS2). The study
showed that runoff using STATSGO soils were generally
higher than with SSURGO. In mosi cases, FAO soils data
produced less runofl’ than STATSGO soils, although it
produced more runoff than SSURGO soils about half the
time. The differences in runofl’ and soil properties were
attributed to the difference in data resolution.

Peschel et al. (2003) developed and applied SSURGO
SWAT 2.0 extension to Leon Creek Watershed in Texas to
compare the effect of soil data resolution on stream flow.
In this study. unlike the finding by Levick et al. (2004) total
flow obtained using SSURGO soil data was higher than
flow obtained using STATSGO data. It was determined
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that transmission losses were lower when SSURGO was
used. The study did not draw any firm conclusions.
however. the increased surface flow was atinbuted to
higher resolution of SSURGO because other inputs were
the same.

Wang and Melesse (2006) assessed the effects of using
STATSGO versus SSURGO as an input for the SWAT

model simulation of the stream flows in the upper 45% of

the Elm River watershed, located in eastern North Dakota.
The resulls indicated that SSURGO provided an
overall better prediction of the siream discharges than
STATSGO: although both did a good and comparable
job on predicting the high stream flows. However,
STATSGO predicted the low stream flows more accurately
and had a slightly better performance during the validation
period.

Prasanna and Mulla (2005) compared flow, sediment.
nitrate and phosphorus losses for High Island Creek. an
agricultural watershed located in south-central Minnesota
using a field scale water table management model
(ADAPT). Statistical comparison of calibration results
with measured data indicated excellent agreement for both
soil databases. However. evaluatlion ol alternative manage-
ment practices indicated that STATSGO based predicted
annual nitrate losses are consistently higher than that for
SSURGO data. and vice versa for predicted phosphorus
losses.

These few studies on the effect of soil data resolution on
stream flow and water quality have yielded different results
depending on soil type and climate. Most have acknowl-
edged the importance of data input resolution on model
predictions and the dependency of the results on specific
soil and ¢limate conditions. Thus, 1t is important to look at
the effeet of the soil data resolution on many different
watersheds of a variety of hydrologic and soil conditions in
hopes that gencralities about the relative appropriateness
ol using the two databases can be assessed. For this study,
we have selected a mountainous watershed in Jefferson
County, Colorado with steep topography and with low
mfiltration soils accounting for more than 50% of the total
drainage area and semi-arid chmate. In addition o soil-
related parameters, soil data resolution, when used in
watershed models, affects other physical parameters. The
fact that the high resolution SSURGO has more HRUs in
a sub-basin will affect slope and slope length computations
and sediment yield. the effect of which will be more
prevalent in mountainous watersheds compared to flat
topography. To our knowledge, the soil database compar-
ison has not been completed in a mountaimous watershed
and we believe the paper can contribute to the general
understanding of advantages and disadvantages ol using
50ils with different resolution in modeling. In addition to
topography and soil type discussed above, the effect of soil
data resolution on SWAT model prediction will vary
depending on the climate. SWAT uses the SCS curve
number method for predicting storm runolff volume
(Arnold et al., 1998). Walershed wetness prior to the storm

event of mterest (antecedent meoisture condition, AMC) is
accounted in the eurve number method. AMC depends on
initial soil water content, which is affected by the watershed
climate including amount of precipitation and evaporation.
Thus, the results from different soil data resolution will
vary depending on the climate of the region whether it is
arid, semi- arid or humid. The study does not intend (0
solve computational issues. It only attempts 1o evaluate the
sensitivity of the SWAT model to soil data resolution as it
applies to a mountainous watershed in a semi-arid region.
Thus, the objective of this study was to assess the effects of
different soil data resolution using STATSGQO and
SSURGO when used as input for the SWAT model on
stream flow. sediment and nutrients predictions in the
Turkey Creek watershed.

2. Methodology
2.1. SWAT model

Several water-quality models are available for watershed
analysis. Examples are Hydrological Simulation Pro-
gram—FORTRAN (HSPE). SWAT, and Watershed Ana-
lysis Risk Management Framework (WARMEF). In
WARMPF. soils information cannot be directly input from
GlS-based soil databases. The soil properties must be
manually input by the user. WARMF is relatively new.
however. SWAT and HSPF have many more users. SWAT
is better at simulating land-based processes and more
convenient to input data. Thus. SWAT has been selected to
do the comparison.

A detailed description of SWAT 15 given in Neitsch et al.
(2002a.b) and Arnold et al. (199%). An overview is given
here. SWAT is a river basin or watershed scale modcl
developed by the USDA-ARS to predict the impact of
land-management practices on waler, sediment and agri-
cultural chemical yields in large complex watersheds
with varying soils, land use and management conditions
over long periods of time. SWAT model operates on daily
time step.

The first level of sub-division in SWAT is a sub-basin.
A sub-basin contains at least one hvdrologic response
unit (HRU), a tributary channel and a main channel or
reach. HRUs possess unique land-use, management
and soil attributes (Neitseh et al., 2002b). One reach or
main channel is associated with each sub-basin. Loads
from the sub-basin enter the channel network in the
associated reach segment. SWAT simulates surface runolf
volumes for cach HRU using a modification of the SCS
curve number method and peak runoff rates using a
modified rational method. Using small and relatively
uniform HRUs reduces the error due to lumping
effects. Another advantage of using SWA'T is that it is 4
continuous simulation model. The inital conditions
for each day are determined based on the conditions on
the previous day. SWAT has a planti-growlh model
component based on heat units. The plant-growth model
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is used {o assess removal of water and nutrients from the
rool zone. transpiration and biomass vield. Sediment vield
is cstimated for each HRU with the Modified Universal
Soil Loss Equation (MUSLE) (Williams, 1975). Using
MUSLE single-storm sediment yield can be estimated. The
hydrology model supplies estimates of runoff volume and
peak runoff rate. which are used to calculate the runoff
erosive energy variable. Other factors of the erosion
equation are evaluated as described by Wischmeier and
Smith (1978).

SWAT tracks the movement and transformation of
several forms of nitrogen (N). Nutrients may be introduced
to the main channel and transported downstream through
surface runoff and lateral flow. The three major forms ol
nitrogen in mineral soils are organic nitrogen associated
with humus, mineral forms of nitrogen held by soil
colloids. and mineral forms of nitrogen in solution. Plant
use of nitrogen is estimated using the supply and-demand
approach. In addition to plant usc, nitrate and organic N
may be removed from the soil via mass flow of water.
Amounts of NO; contained in runeff, lateral flow and
percolation are estimated as products of the volume of
water and the average concentration ol nitrate in the layer.
Organic N transport with sediment is calculated with a
load function developed by McElroy et al. (1976) and
modified by Williams and Hann (1972) for individual
runolf events. The load function estimates the daily organic
N runofl loss based on the concentration of organic N in
the topsoil layer, the sediment yield and the enrichment
ratio, Organic nitrogen levels are assigned based on C: N
ratio for humic material. The enrichment ratio is the
concentration of organic N in the sediment divided by that
in the soil (Neitsch et al., 2002a).

SWAT simulates the movement and transformation of
several forms of phosphorous (P). The three major forms
of phosphorus in mineral soils are organic phosphorus
associated with humus, insoluble forms of mineral phos-
phorus and phosphorus in soil solution. The concentration
of solution phosphorus in all layers is initially set to Smg/
kg soil. representative of unmanaged land under native
vegetation and 25 mg/kg soil for a cropland. The amount
ol soluble P removed in runoff is predicted using labile P
concentration in the top 10 mm of soil. the runoff volume
and a partitioning factor. Phosphorus in soil is mostly
associated with the sediment phase. Organic and mineral P
attached to soil particles are transported by surface runoff
to the mam channel.

SWAT allows the user to define management practices
taking place in every HRU that may influence simu-
lation results. The user may define the beginning and
the ending of the growing season: specify timing and
amounts of fertilizer, pesticide and irrigation applica-
tions. timing of tillage operations and other agricultural
practices. Once SWAT determines the loads of water,
sediment, nutrients and pesticides to the main channel, the
loads ure routed through (he stream network of the
watershed.

2.2. Description of study arca

The 126km” Turkey Creck watershed is located in
Jefferson County, southwest of Denver. Colorado. The
topography is mostly steep with elevations ranging from
about 3200 te 1800m. Based on the United States
Geological Survey (USGS) Land Use Land Cover data,
the land use classification in Turkey Creek Watershed
consists of open water, residential, commercial, deciduous
forest, evergreen forest. shrubland, grassland. pasture-hay.
row crops and urban and recreational grasses. More than
80% of the watershed classified as forested or shrubland.
Resistant parent materials (primarily igneous and meta-
morphic rocks) and steep slopes have limited soil develop-
ment in the watershed (Murray. 2003). The hydrologic
group classification reporied in the SSURGO database
show that most part of the watershed is classified n
hydrologic soil group D. The USGS gage 06710995 at
Turkey Creek at the mouth of the canyon near Morrison,
Colorado is used in this study for hydrologic calibration.

2.3. Model inpui

The SWAT model requires weather data input and three
GIS data layers, namely digital elevation medel (DEM),
soils. and land use. The 30 m scamless DEM used mn this
study was taken from the USGS database. which offers a
seamless DEM coverage of the entire United States, The
model calculates sub-basin parameters such as slope and
slope length as well as the definition of the stream nctwork
using the DEM. The DEM for Turkey Creek Watershed is
shown in Fig. 1. The resulting stream network was used to
delineate the entire watershed into a reasonable number of
sub-basins. Before the DEM was used lor modeling. 1t was
projected to Universal Transverse Mercator (UTM) under
appropriate zones. Most part of Colorado belongs zone 13:
a small portion of the state on the west belongs to zone 12.
Turkey Creek waltershed is in zone 13.

The land use data was derived from the 1992 National
Land Cover Dataset (NLCD)—a 2l-class land cover
classification scheme applied over the United States. It is
derived from the early to mid-1990 Landsat Thematic
Mapper Satellite data. In this study, there are six major
types of land cover namely: water, residential, agricultural,
range. pasture. and forest as shown Fig. 2. Recent
estimates of land cover indicate that the forest canopy
cover was estimated to be 60-70% (Bossong et al.. 2003).
The 1992 NLCD data also shows that forest cover
accounts for about 67%. There is no considerable land
use change in the watershed. Because agricultural land
accounts for only 0.33%, the influence from crop rotition
is negligible. Thus, The land cover data from 1992 is
acceptable for a comparative study of the effect of soil data
resolution.

SWAT was originally developed for STATSGO data to
define soil attributes. The GIS soil data must have either
SoilsSid for USDA soil series (S5ID) or State Map Unit 1D
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Fig. 1. Digital elevation model for Turkey Creck Watershed. Colorado.

(STMUID) to hnk an area anywhere in the watershed to
the STATSGO database. In this study, the STMUID was
used. The STATSGO and SSURGO soil maps for Turkey
Creek Waltershed are given in Figs. 3 and 4.

The soils data required by SWAT and extracted [rom
both soil databases include several physical and chemical
characteristics. These data include soil hydrologic group,
maximum rooting depth, soil profile depth from soil
surface to bottom of a layer, moist bulk density, available
water capacity of the soil layer. saturated hydraulic
conductivity, and soil texture data (% clay, sand, silt.
and rock fragment content) that are required in stream flow
computations and others such as USLE_K required to
compute sediment yield. Chemicatproperties of soil such as
the fraction of porosity (void space) [rom which anions are
excluded. and organic carbon content (% soil weight) and
initial concentrations of chemicals in the soil are also
required in SWAT to determine transformation and
transport ol chemicals.

SWAT requires daily values of weather data as an input.
These data are precipitation. maximum and minimum
temperature, solar radiation, relative humidity and wind
speed. To run SWAT one can either prepare a file that
contains observed data, or use daily values simulated by
the SWAT model weather generator from monthly average
data summarized over a number of years (Neitsch et al..

2002a). Observed weather values from USGS Cooperative
Observer Program (COOP) were utilized to create files (or
daily precipitation, minimum and maximum daily tem-
peratures, The rest of the weather parameters such as solar
radiation. wind speed and relative humidity are simulated
by weather generator module of SWAT.

2.4. Sub-basin delineation

In SWAT the watershed is divided into sub-basins and
each sub-basin contains at least one HRU, Each HRU has
uniform land cover and soil type. The smaller the area
assigned to each sub-basin, the more the number of sub-
basins and the more detailed the drainage nctwork (Di
Luzie, et al. 2002). A less detailed watershed can be
delineated by choosing few but larger size sub-basins. In
this study. the watershed was divided to 61 sub-basins. The
total number ol HRUs was 261 when STATSGO data was
used and 1301 when the more detailed SSURGO data was
used. Bingner et al. (1997) evaluated sub-watershed: size
dependency of the Soil and Waler Assesment Tool
(SWAT) erosion model to adequately simulate annual
runoff and fine sediment from the 213km~ Goodwin
Creek Watershed (GCW). The results showed that runoff
volume is not appreciably affected by the number and size
of sub-watersheds. They determined that. an upper limil to
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Fig. 2. Land cover classification for Turkey Creek Watershed. Colorado. Note: AGRL. Agricultury] Land-Generic: AGRR. Agricultural Lund-Row
Crops: BERM. Bermudagrass; FRSD, Forest-Deciduous. FRSE. Forest-Evergreen: FRST. Forest-Mixed, PAST, Pasture: RNGE, Runge-Grasses;

UCOM. Commercial; URLD. Residential-Low-Density; WATR. Water.

sub-watershed size 18 required to adequately simulate fine
sediment yield produced [rom upland sources and decreas-
ing the size of sub-watersheds beyond this threshold does
not substantially aftect the computed fine sediment vield.
The sensitivity of the distributed hydrological SWAT
model to the pre-processing of soil and land use data was
tested for modeling rainfall-tunoll processes in the Thyle
catchment in Belgium (Romanowicz et al. 2005).
The results suggest the resolution and fragmentation of
the original map objects are significantly affected by the
internal aggregation procedures of the SWAT model. The
catchment size threshold value (CSTV) is thereby a key
parameter controlling the internal aggregation procedure
n the medel. It 1s shown that a parabolic function
characterizes the relationship between the CSTV and the
hydrological modeling performance of the uncalibrated
model. suggesting that optimal uncalibrated modeling
results are not obtained when the CSTV is minimized.
The number of sub-basins chosen depends on the size of
the watershed and the amount of detall required to meet
project goals. The sub-basin delineation should be detailed
enough to capture significant variability. SWAT allows
users to choose the number of sub-basins by deciding the
mitial threshold area. which in many studies is arbitrarily

chosen. The interface lists a minimum. maximum, and
suggested sub-watershed area, which are shown in the
stream definition section. This function plays a role in
determining the detail of the stream network and the size
and number of sub-basins. In this study, the minimum and
maximum threshold values were 13 and 3329 ha. SWAT
suggested minimum value was 200 ha. which gave only 32
sub-basins. To incorporale more complexity into a data
set. it is recommended in the SWAT user manual (Neitsch
et al., 2002b) that the user defines a greater number of sub-
basins in the watershed rather than many HRUs within a
few sub-basins. Thus, the number of sub-basins was
increased to 61 by decreasing the threshold value to 100 ha.

3. Results
3.1, Comparison before model calibration

SWAT outputs were compared for the two data sets
before calibration. Comparison using unealibrated models
is useful to evaluate the differences in model predictions
because calibration masks the differences that may occur as
a result of the soil data sets. In addition. the uncalibrated
model results can show how good each data set predicts
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Fig. 3. STATSGO soil map for Turkey Creek Watershed. Colorado.

stream flow before calibration. which would indicate the
effort required for calibration when using each data set.
Our observation shows that the STATSGO data predicted
stream flow well belore calibration and would require less
effort in calibration. Figs. 58 show stream flow and waler-
quality predictions [rom uncalibrated model. Fig. 5 shows
the stream flow predictions [rom each soil type. Stream
discharge using SSURGO soil data set was generally higher

than STATSGO. Both soils resulted in over prediction ol

stream flow compared to measured data. One possible
explanation for this result is that soil layers in the
watershed are generally thin and underlain by bedrock.
Thus, infiltration into the soil may be diverted by the
bedrock to the stream. Evaluation of the soil data sel
shows there are more HRUs in soil hydrologic group D
when SSURGO soil is used. SSURGO. with the highest
apatial resolution. hag 51 unique soil types in the watershed
distributed in 1301 HRUS, while STATSGO has only three
distributed in 261 HRUs. Each HRU has a unique soil and
land use. The differences in runoff and soil properties can
be attributed to the difference in the spatial resolution
beeause all other inputs were the same for both setups. The
finer resolution soil dataset (SSURGQ) resulted in more
arcas with low infiltration potential. This resulted in a

higher discharge when SSURGO is used compared to
STATSGO.

In contrast Lo stream flow, the sediment loading using
STATSGO was higher than when SSURGO data were
used. Based on the flow results alone one would expect
sediment loading Irom SSURGO would be higher than
STATSGO because runolfl is higher when SSURGO data
set is used. But it is also important to look at other
parameters affecting sediment yield. An example is the soil
eradibility factor, k... which represents both susceptibility
of soil to erosion and the rate of sediment runolf. Seils high
in clay have low k. values, about 0.05-0.15, because they
are resistant to detachment. Coarse-textured soils, such as
sandy soils, also have low kyg. values, about 0.05-0.2,
because ol low runoff even though these soils are eagily
detached. Medium-textured soils, such as the silt loam
soils, have moderate kg e values. about 0.25-0.4. Soils
having high silt content are most erodible of all soils. As
the result of the fine resolution. more small size areas with
lower ke values were identified when using SSURGO
model. The area weighled average K. value was 0.19
when SSURGO was used and it was 0.32 when STATSGO
was used. This has contributed to the higher sediment
loading when STATSGO is used as shown in Fig. 0. Fig. 7
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Fig. 4, SSURGO map for Turkey Creek Watershed. Colorado.
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Fig. & Comparisan of hasin average annual Organic-N loading using
SSURGO and STATSGO before calibration,

gshows that the annual average basin NQ; loading when
SSURGQ soil data sct is used is higher than when
STATSGO 18 used. This can be attributed to the fact that
more flow was generated when SSURGO is used. because
as mentioned carlier amounts of NOj; contained in runoll
and lateral flow in SWAT are estimated as products of the
volume of water and the average concentration ol nitrate in

the layer. However, annual average basin organic-N
loading was higher when STATSGO is used as shown in
Figs. 8. The higher Organic-N loading when STATSGO
data is used is the result of higher sediment loading since
Organic-N 1s transported with sediment. The results were
similar for phosphorous, more dissolved P loading
occurred when SSURGO was used and more organic-F
loading was predicied when STATSGO is uscd.

3.2, Comparison after model calibrarion

As mentioned earlier. the stream flow predictions for
uncalibrated model show that the STATSGO data
predicted stream flow well before calibration and required
less effort in calibration. However. calibralion generally
improves the reliability of the model predictions. The
hydrologic calibration was performed using data from the
gage station located at Turkey Creek at mouth of canyon
near Morrison (Station 06710995). Gage data is available
for this station from 1998 to 2001. The SWAT model in
this study was calibrated for flow for the period of
1998-2001. Calibration was relatively faster and easier
when STATSGO data was used although SSURGO
provided more options for calibration because more soil
types allow more adjustments.

The measured total flow was separated into base How
and surface flow using SWAT-base flow filter program
(Arnold and Allen, 1999). About 57% of the flow was base
flow. To compare the goodness of fit between simulated
and measured data. relative error was used. Hydrologic
calibration parameters [or surface and base flow were
adjusted to reduce relative error. Relative error 1s given by
Relative error = [00(observed — simulated)/observed.

(1)
Calibration parameters were adjusted until relative error
value is less than 5% for both soil types. Curve number,
SOL-AWC and ESCO are basic water balance parameters
recommended in the SWAT user manual (Neitsch et al.
2002b) to be adjusted to calibrate surface runoff. Model
predictions before calibration were close to predicted
values. Thus. slight adjustments were made to these
parameters. Flow calibration with STATSGO and SSUR-
GO was performed by adjusting the curve number on
forestland covers. which account for about 70% of the
watershed. The curve number values were uniformly
reduced by 3% for both soil tvpes Lo adjust SWAT
predicted fow to mean daily measured flow, The remaining
lands covers (agricultural. residential and pasture) account
only for 30% and had reasonable CN values compared 1o
literature values and were not altered. In addition te CN
values, minor adjustment were made on other SWAT
parameters such as soil eyaporation compensation factor
(ESCO) and available water capacity (SOIL_AWC) on all
HRUs. For SSURGO soil data. ESCQ was decreascd hy
2% and Soil AWC was increased by 0.04 from default
values. For STATSGO, ESCO was decreased by 1% and
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Soll_AWC was increased by 0.01. SWAT predicted
values were compared alter calibration and time series
monthly average measured and SWAT predicted How
values shown in Fig. 9. The results of flow
calibration are shown in Table 1. As shown in Table 1.
model setups with both soil types did calibrate well
although the results were slightly better when SSURGO
soil 1s used. Calibration was done until the relative error
given by Eq. (1) was less than 5% for total flow. The
relative error for surface flow was less than 1% for both
s0il types. Errors during base low periods are also less than
10%, although they were not as low as they are for surface
and lotal flow.

Nash-Sutcliffe cocfficient of efficiency (NSE) (Nash and
Sutcliffe, 1970y and Root Mean Square Error (RMSE)
were used to evaluate the goodness of fit of calibration.
NSE determines the model efficiency as a fraction of the
measured stream flow variance that is reproduced by the
model. NSE given is calculated as

NSE = | — 2% — Q)
S0

=0

1

(2)

where Q,, is measured stream flow, Q. is simulated flow and
0, is measured mean stream How. RMSE is the rool mean
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squared errors given by

RMSE = \/ Z”(Q};Q)J

where Q; is simulated stream flow. O, is measured stream
flow.

The closer the NSE value to 1.0 the better is the
estimation of the stream flow by the model. NSE>0.75 is
considered to be an excellent estimate, and NSE between
0.75 and 0.36. is regarded to be satisfactory (Motovilov
et al., 1999). The closer the RMSE value to zero. the better
the estimation. The NSE value obtained was 0.61 and .70
for STATSGO and SSURGO data, respectively, and the
RMSE values are 0.50 and 040 for STATSGO and
SSURGO. respectively. Thus, both data provide a
satisfactory calibration although the SSURGO data yicld
a slightly better fit. Scatter plots of average monthly
measured and simulated flows are shown in Figs. 10 and 11
for STATSGO and SSURGO soils, respectively, The NSE
and RMSE values give a quantitative comparison of
observed and model predicted flows. The trend lines and
the scattered points in Figs, 10 and 11 allow a visual
comparison of predicted and observed flows lor both
STATSGO and SSURGO. The closer the trend line or the
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Fig. 9. Time senies monthly average measured and SWAT predicied flow.
Tahle |
Annual hydrologie calibration results on Turkey Creek Watershed
Soil type item Surface flow (m’/s) Base fow (m'/s) Total flow (m’/s)
Measured 0123 0.169 0.203
STAT3GO Predicled 0.134 0.170 0.305
Relatve error (%) 0.33 9.30 4.10
SSURGO Predicted 3322 3.178 0302
Relative error (%) —0.781 572 3.04
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scattered points to 1-1 line (y = v line). the closer the
predicied value to the observed value. Thus, as shown in
Figs. 10 and 11 for both STATSGO and SSURGO. the
SWAT model predicted stream flow relatively better during
high flow conditions compared 1o low flow conditions. This
indiecates that the model predicted surface runoff better

11060 P
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2 om0 el
g W b - 3
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Fig. 10, Scatter plot of monthly average measured and SWAT predicted
flow at Turkey Creek Watershed for STATSGO soil data set.
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tra. 11, Seatier plot of monthly average measured and SWAT predicted
flow at Turkey Creek Watershed for SSURGO s0il data set.

than base flow since surface Now is dominant during high
flow conditions and base flow is dominant during low flow
conditions. The lower relative error values for surface flow
compared to base flow in Table | also shows relatively
better model predictions for surface fow than base How. In
general. simulated total stream Mow matched the measured
total stream flow fairly well as given by the R values of
.62 and 0.74. respectively, for STATSGO and SSURGO.,

Fig. 12 shows sediment yield after calibration both for
calibration period (1998-2001) and wvalidation period
(2002-2003). As in the uncalibrated model. sediment yield
was still higher for STATSGO data after stream flow
calibration for both calibration and validation period
although it was generally low for both soil types as a result
of calibration, which reduced the total low. Fig. 13 shows
NO; loading after calibration for beth soil types during
calibration and validation periods. As in sediment loading
NO; was generully low after calibration. In conirast to
uncalibrated model. NOj loading was higher for STATS-
GO than SSURGO after calibration. This can he
attributed to relatively higher stream f[ow values for
STATSGO after calibration, Fig. 14 shows Organic-N
loading after calibration for both soil (ypes during
calibration and validation periods. The trends for Organ-
ic-N are similar to sediment yield (higher sediment yield {or
STATSGO) because organic-N lransport depends on
sediment yield. The results in Figs. 1214 are for the
model calibrated for flow only. There were no sulficient
data to perform water-quality calibration.

4. Discussion

As stated earlier. the results obtained vary depending on
regional differences in climate. topography and soil types.
Some indicated that there might be no significant increase
in the accuracy of models, as a resull of more precise
topographic or soil information, which increases the input
data collection and preparation. Others have determined
that SSURGO soil provided an overall better prediction of
the stream discharges than STATSGO: although both did a
good and comparable job on predicting the high stream
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Fig. 12, Comparison ol basin average annual sediment loading after calibration during calibration period (1998-2001) and validation period (2002-2005).
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flows (Wang and Melesse, 2006). In our case study.
SSURGO predieted less stream loading than STATSGO
before and after calibration in terms of sediment and
sediment-uttached nutrients and vice versa for dissolved
ntitrients carried by the flow especially before calibration.
When compared 1o mean daily measured flow. STATSGO
performed better relative to SSURGO before calibration.
SSURGO provided better results after calibration. Based
on Lhis research und other studies there are differences in
maodel predictions ds a resull of soil data resolution. which
catt be ipsignificant in somic cases as poinled out by
Chaploet (2005). Much more effort is required to prepure
and calibrate the model when a line resolution soil data is
used cspeaially when applying it to large watersheds.
Modelers nead 1o weigh merils and demerits belore
selecting the type of data resolution they are going Lo use
depending on the watershed size and level ol accuracy
requlred.

T addition. soil data resolution when used in watershed
maodels alfects other parameters phvsical parameters: As
indicated by Romanowic et al. (2005) in addition to the
quality of the soil and land used data. the resolution and

fragmentation of original map objects are affecied by
catchment threshold value that the internal
aggregation procedores in SWAT model. The lact that
the high resolution SSURGO has more HRUS in a sub-
basin will affect slope and slope length computations and
sediment vield. the elfect of which will be more prevalent in
mountainous watersheds compared 1o flul wpography
because of relatively more varations in slope and slope
fength 1n mountainous watersheds like Turkey Creek
Witershed. Climate is another important factor, Wa-
fershed wetness prior to the storm event ol inteérest
(antecedent moisture condition. AMC) is affected by the
walershed climate including amount of precipitation and
evaporation.

controls

5. Summary and conclusion

In this study. STATSGO and SSURGO soil data sets
were used as an input for SWAT model simulation and
stream flow and water-quality predictions were compared
For Turkey Creek Watershed. Colorado. 'The comparisons
were made belore and alter calibration. It was determined
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from comparison of the two soil daty sets that some areas
in the watershed were lumped in one soil type when low
resolution <oil (STATSGO) were grouped into different
soil types as a result of diseretization when SSURGO s
used. The discretization resulled m more arcas with soil
types with low infiltration potential. Thus. before calibru-
tion SSURGO over predicted STATSGO in terms ol lotal
runoft. However. SSURGO predicted less stream loading
than STATSGO in terms of sediment and sediment-
attached nutrients components, and vice versa for dis-
solved nutrients carried by the flow. When compared (o
meatt daily measured {low, betore calibration. STATSGO
performed better relative to SSURGO. SSURGO provided
hetter results after calibration us evaluated by R value
(0,74 compared 1o 0.61 for STATSGO) and the NSE values
(0,70 and 0.61 for SSURGO and STATSGO, respectively).
These resulls suggest a relatively better estimation by
SSURGO than STATSGO alter calibration. although both
are in the same sanstactory range. SSURGO provides
more options for calibration. although the simulation runs
slower when using SSURGO. Modelers need 1o weigh the
henelits before selecting the type of data resolution they are
going Lo use depending on the watershed size and level of
accuracy required because more effort is required to
prepare and calibrate the model when a fine resolution
soil data s used.
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Abstract

Numerous toad and railway construction projects include costly mitigation measures to offset the barrier effect produced on local
fauna, despite the scarcity of data on the effectiveness of such mitigation measures. In this study, we evaluate the utility of dilferent types
of crossing structures. Vertebrate use of 43 transverse crossing structures along the A-52 motorway (north-western Spain) was studied
during spring 2001. Research centered on wildlife passages (9), wildlife-adapted box culverts (7), functional passages (6 overpasses, 7
underpasses) and culverts (14), with marble dust being used to record animal tracks. A total of 424 track-days were recorded. with most
of the larger vertebrate groups present in the area being detected, All crossing structure types were used by animals, although the
intensity of use varied signiticantly among them (Kruskal-Wallis test, p<0.05): culverts were used less frequently than other structures.
Crossing structure type and width were identified as the most important factors in their selection for use, Wildlife passages and adapted
culverts allowed crossing by certain species (wild boar, roe deer, Eurasian badger). which do not tend to cross elsewhere. These results

highlight the importance of using both mixed-type structures and wildlife passages in reducing the barrier effect of roads.

) 2007 Elsevier Lid. All rights reserved.

Keywords: Barrier effect; Habitat fragmentation: Road ccology: Vertebrate: Wildlife crossing structures

1. Introduction

Animal population isolation produced by habitat
fragmentation constitutes one of the commonest causes
of local extinctions (Hunt et al., 1987; Clarke et al.. 1998;
Lode. 2000; Fahrig, 2003). Linear infrastructures not only
physieally destroy habitats but also become barriers, which
considerably limit movement and dispersion of terrestrial
vertebrates (Oxley et al., 1974; Mader, 1984; Camby and
Maizeret. 1987, Walker et al.. 2003). As a result, over the
last few decades, the inclusion of faunal passages or the
modification of existing culverts to serve as crossing
structures has frequently been recommended in Environ-
mental Impact Assessments and Statements (Beier and
Loe, 1902: De Santo and Smith. 1993; van Bohemen.
1998). Wildlife crossing structures aim to re-establish the
movement of animals between both sides of a road or
railway line. helping to connect the areas affected by the

“Corresponding author, Tel./fax: + 3491497801 1.
E-mail address: cristing, matalanam.es (C. Mala).

(301-4797/S -see front matter 0 2007 Elsevier Lid. All rights reserved.
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transport corridor (Saunders and Hobbs, 1991: Clergeau,
1993; Rodriguez et al.. 1996. Putman. [997).

Knowledge of the elfectiveness of wildlife crossing
structures is still scarce, although increasing quickly. The
regular use of different wildlife passage types has been
demonstrated for some verlebrate groups (Singer and
Doherty. 1985; Foster and Humphrey, 1995; Bekker and
Canters. 1997; Gloyne and Clevenger. 2001: Puky and
Vogel. 2003: Taylor and Goldingay. 2003; Dodd ¢t al.,
2004) but others, like ungulates, are noteworthy for their
reluctance to use most crossing structures (Reed. [981:
Vassant et al., 1993; Mata et al., 2005). The key clements
for the design of effective mitigation measures are not yet
well understood and different solutions may be needed for
different faunal groups. The modification of construction
projects to adapt culverts for vertebrates or to include
wildlife passages imposes cosls on new projects. Conse-
quently, it is important to evaluate which characteristics of
existing crossing structures affect their use by different
species, in order o design cost-effective passages lor largel
species in new projects. It is therefore important to
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determine the actual use of over- and underpasses
specifically designed [or wildlife, due to the high construc-
tion costs they represent (Rosell et al.. 2003).

The present study had two objectives. Firstly. to discover
which vertebrute groups use road erossing structures. This
way determined through an analysis of structures specifi-
cally designed for wildlife, as well as normal structural
features of the highway, such as culverts, which are
designed for other purposes but which could also be
important for wildlife (Hunt et al., 1987; Yanes et al.. 1995:
Rodriguez et al., 1996). Secondly. we looked at the relative
importance ol crossing structure design since structural
parameters of passages (e.g. their width and whether they
are over-or underpasses) could determine their effective use
by wildlife (Olbrich. 1984: Clevenger et al.. 2001). Of the 43
crossing structures considered here only 16 were included
in our earlier study (Mata et al. 2005) and the present data
was obtained | vear earlier.

2. Materials and methods

2.1. Snudy arca

The study was undertaken along a streich of the Spanish
A-52 motorway between Camarzana de Tera (Km 34,
Zamora province) and Orense (Km 217. Fig. 1). This four
lane highway is fenced along its entire length. It was
opened to tralfic in 1998 and carries approximately 4500
vehicles daily. 23% ol them heavy vehicles.

The first few kilometers pass through the flat countryside
ol the northern Spanish plain. The reliel ncreases
gradually up to the town of Puebla de Sanabria, aflter
which the landseape is mountainous (720-960 m as.[.). The
incredse in elevation coincides with a decrease in tempera-
ture and an increase in rainfall (from 400 to 950 mm). The

vegetation along the first 10km is dominated by
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centinental Holm oak (Quercus rotundifolia), accompanied
by gum cistus (Cistus fadanifer). broom spp. (Cyrisus
scoparivs and  Cytisus multifforus), low shrubs (Civeus
lauwrifolivs,  Halimium umbellatum,  Thymus  mastiching,
Thymus zvgis, Lavandufa  stoechas subsp.  pedincufeicr)
and pastures of Agrostis castellana. Cultivations of maize
and non-irrigated cereals are also present but restricied o
valley bottoms, There are also vineyards of limited extent,
The next 45km passes through patches of Pyrenean oak
(Querens pyrengica). broom spp. and other low scrub
(Genista tridentata, Halimium ocymoides, Halimium  {a-
sianthunty and moist meadows. The remaining section (in
Orense province) 1s flanked by forests dominated by
Pyrencan oak woodlunds, some more heavily disturbed
than others.

The progressive abandonment of fields and rural
countryside. which is especially noticeable in Zamora
province. 1§ having an important impact on the fauna of
the area. It has led to an intense regeneration ol natural
vegelation, leading in turn Lo an increase in the population
of large herbivores, such as red deer (Cervus elaphus), roe
deer (Capreolus capreolusy and wild boar (Sus serofu).
Additionally. the increase in herbivores has led Lo a dense
wolf (Canis lupus) population (Blanco, 1098), These events
led to the construction ol specific crossing structures, and
the modification of culverts along the highway, to reduce
wildlife mortality from traffic.

2.2, Maonitoring of crossing structures

A total of 39 crossing structures were studied along
S7km of road between Camarzana de Tera and Requejo
(Zamora province). We also included four structures
specifically designed or modified for wildlife (two over-
passes, one underpass and one wildlife-adapted culvert), all
ol" which were in Orense province (177.5-216.3 km). Our

Orense ., SPAIN
.
«#:"  Puebla de
Sanabria

&
v »
+% Requejo

PORTUGAL

20 Km

Camarzana

de Tera
[ Wi

Fig. |

Location of the study area and the monitored sections (in hold) of the A-32 motorway in the Iherun Peninsula.
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selection of crossing structures aimed to include all those
specifically designed for wildlife and to obtain a represen-
tative sample of the remainder, including all design types
(see Table 1 and Fig. 2 for design details). The main
difference between over- and underpasses designed for
wildlife and other types is that the former have no vehicular
access . Fauna-adapted culverts are characterised by their
flat bases and enlarged cross-seetional areas.

Crossing structure use was monitored late March and
carly June 2001. Marble dust, a scentless substance. which
iz an excellent substrate both for recording high-guality
impressions and for its persistence, was used to obtain
tracks and signs (Yanes et al.. 1995). A band of dust 1 m
wide and 3-10mm thick was spread across and perpendi-
cular to the line of each passage in its midpoint. Animal
tracks present in each passage were identified and recorded
daily before being smoothed flat. Each passage was

Table |

monitored until ten days worth of reliable records were
obtained. rejecting days when meteoralogical conditions
prevented the reliable identification of tracks., Although
some species may not be detected. a 10-day monitoring
period has been [ound to be sufficient Lo detect a signilicant
portion of the fauna using a passage (Malo et al., 2006).
Tracks and signs were identified following Strachan
(1995), Bang and Dahlstrom (1997) and Blanco (1998}
Data for those groups where identification to species was
impossible were pooled. Consequently, apart [rom the
individually identified species, the lollowing groups were
recorded: lizards (Lacerta spp.. Psammaodromus spp. and
Podarciy spp.), ophidians (snakes). small mammals (mice,
voles and shrews), water voles (Arvicola sapidus and
Arvicola terrestris), rats (Rattus rattus and Rartus norvegi-
ens). lagomorphs (Oryvetelagus cuniculus and Lepus granc-
tensis). small mustelids (Mustela nivalis and  Mustela

Characteristics of the monitored crossing stroctures: type. number, dimensions and function

" Dimensions (i) Main function
Width Height Length

Cirenlar culverts 14 (6) 7 180 3562 Drainage
Adapted culverts 7(0) 1.7-4 1= 3645 Drainage, adapied for wildlife
Open span underpasses 7(2) 49 446 246" Rural tracks and livestock paths
Wildlife underpasses 51(4) [4-20 3-8 30-32.5" Wildlife, closed to vehicles
Overpasses 6 (2) 78 — 58-63 Rurul tracks
Wildlife overpasses 442 14.7-20 - 6062 Wildlife. closed to vehicles
The number of them used in a previous study (Mata et al, 2005 )as included in brackets.

A0ne case o' 72 m.

"One case of 96 m.

—————

h 4
<«

19m

A

/

=

2.0m

Fig. 2. Basic design of the dilferent crossing structure types under study: circular culvert (top left), adapted culvert (tap right). underpass (hottom left) and
overpass (bottam right). Non-wildlife enpineered passages of the two last types differ from wildlife passagesin the absence ol vehiculur access o the latter.
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erminea), large mustelids (Martes foina and  Marres
miaries). cats (Fells cars and Felis silvestris). and canids
(Canis familiaris and C. lupus).

2.3, Data analysis

The number of davs on which tracks of a species (or
faunal group) were registered has been considered as the
basic unit for analysis, in order to minimize the problems
of pseudoreplication deriving from counting several
records of a particular species from the same passage on
the same day.

The use of each crossing structure tvpe by each species/
group employed the following use index (Ul):

Ul = (13 /es)) [ IN;/CS),

where #;; 1s the number of observations (animal crossing-
days) of a species/group i in one type ol crossing structure
J» €s; is the number of structures of type j. N, is the number
of obgervation days of a species (or group) 7 in the total
structures. and CS is the total number of structures studied
This index allows the frequency of tracks observed in each
passage type and that expected taking into account all
passage lypes to be compared without bias due to sample
size. Therefore, it is a selection index Tor animal use of a
passage-type independent of use frequency. with a UT value
of | when actual use is equal to that expected. The Ul was
compared between passage types using a Kruskal-Wallis
test since the assumptions for an ANOVAR were not met
(Quinn and Keough, 2002).

General use patterns ol the crossing structures were
analyzed uwsing multidimensional scaling (STATISTICA.
1998) to obtain an ordination of the crossing structures as a
[unction of the requencies of use by each species (animal
crossing-days). Euclidean distance was used as the index of
similarity between samples and ordination was carried out
with the standard procedure provided by the statistical
program. Given the adjustment values (stress<0.1). a
three-dimensional solution was chosen.

Once the ordination had been undertaken, the presence
of separable groups of observations in the MDS diagram
was lested using 4 MANCOVA applied to their axial
positions (x, y, 2). In this analysis, crossing structure Lype
was the independent variable and the position of the
passage along the road (kilometer location) the covariate.
This allowed us to test whether differences in crossing
structure use were related to passage type or to the
distribution of vertebrate species along the geographical
gradient traversed by the road. Differences between the
factor levels have been tested a posteriori by testing pairs of
factors in successive MANCOVAs and correcting the
probability obtained by applying the Bonlerroni sequential
probability correction (Rice, 1989). Additionally. the
species explaining most of the variance along the three-
dimensional MDS axes (x. y. 2) were detected using the
Spearman rank correlations. selecting those species with
values ol p<0.05 after applving the Bonferroni correction.

Finally, patterns of crossing structure use were analyzed
by species. The crossing frequency of the different crossing
structures by each species was analyzed using the
Kruskal-Wallis test. given the non-normal distribution of
the data. This analysis was carried out for species with at
least ten observations and, since multiple comparisons were
involved, Bonferroni corrections were applied to correct
signiticance values.

The influence of structural variables on use patterns
was alse analyzed with the (O,
which embraces cross-sectional area and passage length
(Olbrich, 1984):

O1 = width x height/length.

openness index

As it is not possible to give a meaningful height value to
overpasses (see. however. Clevenger and Waltho. 20035). the
Ol was adapted for these cases as (Ol = width/length).
Therelore, data from both wildlife- and other underpasses
were analyzed separately [rom those from overpasses.

The relationship between the QI of the structures and
their use (N of track-days) by different species was
measured through the Spearman rank correlations due to
data lacking normality. In this analysis, the Bonlerroni
correction was also apphed.

3. Results

A total of 424 species track-days of animals was
recorded. equivalent to 0.99 species passing per crossing
structure per day. A 1otal of 17 different faunal species and
species-groups used the road crossing structures (Table 2).
with the red fox (Vulpes vulpes) being the most common
species recorded (0.27 records/day). Other canids (dogs and
wolves) and Eurasian badgers (Meles meles) also had a
high crossing frequency (0.19 defections/day and 0.15
detections/day. respectively). Other species using (he cross-
ing structures with medium frequency were cats (0.10
detections/day). lagomorphs and small mammals (each
0.07 detections/day). The remaining species had lower
frequencies (<0.04 detections/day). Records related to
human activities showed little nse by humans of mosi
structure types (Table 2).

All crossing structure types were used by wildhife. though
there were significant differences in the levels of use of
different types (Fig. 3; Hsgqz = 12.07; p = 0.034). Over-
passes had the highest use index (Ul = 1.5). whereas
circular culverts and those culverts modified for
wildlife were used less than expected (Ul = 0.6 and 0.96,
respectively).

Positions obtained in the MDS allowed us to distinguish
several groups in the distribution of the crossing structures
(Fig. 3). This grouping was significantly determined
by crossing structure type (MANCOVA test, p<0.01;
Table 3). In contrast. the geographical location of
these (covariate km) was not significant to the suite of
species using the crossing structures throughout the
length of the section of motorway. A posteriori analysis
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Table 2
Mean number of duy-delcctions per crossing structure for species and species groups detected throughout the monitorig period (10 days for each erossing
structure)
Cireular Adapred Open span Wildlife Overpasses Wildlite Mean
culverts culverts underpasses underpasses OVErpasses
n=14 =i =" n=73 n==6 n=4
Spevics
Western hedeehoy (Erinaceny — - — — 0.17 — 0.02
EUEOPEEN)
Polecat (Mausrela piorius) 0,14 .20 - =" (.05
Furopean badger ( Meles mefes) .00 304 2.71 160 0.17 |49
Small-spotted genet (Genetta genetta) — . .29 — — (L5
Red Tox { Vudpes vilpes) 1.07 243 4.71 .60 3.00 3.50 267
Roe deer (Capreofus capreolus) = - - (.40 0.05
Red deer (Cervies iduphin) —= = == .40 0,17 == 0,07
Wild bouar (Suy serefi) (.60 (.67 2.2% .37
Groups of specivs
Lizards 0.36 - 014 - e - 0.14
Ophidians — =— .25 (.02
Small mammals .57 0.14 — — [.00 0.2 0.70
Rats .07 0.43 0.14 [.33 0.30
Lagomorphs = 0.43 1.20 [.83 .00 0.74
Small mustelidsy 0.29 014 0.40 (R — 0.19
Large mustelids - 0.14 - 0.20 - 0,05
Cals (.93 0.37 1.29 0.60 1.67 1,00 1.00
Canids (Caniy spp.) .64 243 2.29 140 4.50 2.00 1.95
Humen activity 0.02
Peaple 0.93 143 1.00 1.20 6,33 0,75 0,05
Livestock 014 0.86 0.57 0.20 250 = 1.49
Vehicles — 0.56 100 3.30 (.50 0,035
2.0 ? Table 3
| Results of the MANCOVA on the effect of erossing structure type with
| the location (km post) us covariate on the position of the structures on
. O 1' axes v, . = of the multidimensional scaling
s ¢ 1
] Fuctors Wilk's 4 ¥ df 1 d.f 2 7
|
% — = i ‘ : Structure type (431 2:239 15 04 {LO0UX
= | o | Covariate (km post) 0.843 2,107 3 34 0:1175
= 1.0 S . )
4 = |
o |
|
05 ] j This differential location of the crossing structure types
! in the Multidimensional Scaling can be interpreted through
' the correlations between species and axes of the analysis
[ (Table 5). Thus. the negative values on the x axis are
0.0 : significantly associated (the Spearman rank correlation.

cC AC up WUP oP WOP
(n=14) (n=7) (n=7) (n=8) (n=6) (n=4)

Fig. 2 Use index imean +SE) rvecorded in the six lypes of crossing
structures differentiated in the study, CCr cirenlar culverts, AC: adapted
culverts, Us underpasses: WU, wildlile underpasses, O; overpasses. and
WOP: wildhife overpasses. »: number of monitored structures.

shows that the difference between the diverse crossing
structure types was only significant after probability
correction for wildlile overpasses vs. circular culverts
(Table 4).

p<0.05 alter Bonferroni correction) with the presence of
canids, Eurasian badger and red fox where non-wildlife
engineered underpasses occurred, whercas along the
positive part of the axis where circular culverts were
located there were no significant associations with any of
the species. y-Axis is positively correlated with wild boar.
lagomorphs and red fox. with overpasses and wildlife
overpasses located along the positive part of the axis, In
contrast. the two types of culverts are located along the
negative values and give no significant relationship.
Finally, the positive values along the z-axis are associated
with the presence of Eurasian badger. and adapted culverts
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Table 4

Reculie ol a posterion eamparisons of differences between passige types and the ina crossing tem, simpliied hy their pusition on the 1. v 2 aaes of the

wiolidinrensional :st;Ll!'mE.

Wildlile overpasses

Overpasses

Wildlife underpusses Open span underpusses Adupted culverts

Cireulay culverts Wilk's 2 (.254 L5226
i 0.0an4 Ay a2
Adapled culverts. Wilk's 2 040l 1).517
I oI 11344
Open span underpasses Wilk's 4 (.255 LR 04
p (.0327 (.3234
Wildhfe underpasses Wilk™s ~ 070l 1) 394
P 64y 113340

Wilk's # (577
n ().303%

OYerpasses

16360 TGRS 11503
0I8TS h0476 (FRFE Ll
{1683 a4

4162 1), 7RG

RO

D.G308

Lle Wilk's 2 value 15 given (upper bne) and it probability value (lower hne) correspondmy to the MANCOVAS for paiyr comparsons. Signilicant resulis

(p=211081 after Ronlerrom sequential probability correction are shown in bold.

Tuhle 5
Memn position-along the v- v=and z-axis of the multidimensional scaling
al crossing slructure types

Tihle @
Results of the companson ol dillerent crossimg struclure use by species
along the A-52

\ I z Species N His - N

Cirenlar enlverts (1380 —{1.284 —00.044 European badger o 8,630 0.1246

Adapied culverts —( 353 —f.252 0172 Red fon [15 1154 (1.0RAY

Open span underpasses —1471 0,120 0062 Wild boar I 19,350 00017

Wildlite underpasses {1083 0133 0.6 o )

Dverpisses 0,062 (.25 037 Jpeies gioupitis

Wildhle overpasses 1).135 (h b 104 Sl masmauls =l 14200 00121
Rats 3 4383 (6030
Lagomuorphs 32 17009 (042
Cats 43 0815 (19403

and wildlife underpasses principally appear along this part Canids (Cupis spp.) Rd 1342 (L0264

of the axis. However. the negative part of the axis. ulong
which overpasses are located. is not significantly related to
any particular species.

The analysis by species of the use of the crossing
structures has only demonstrated a differential use by wild
boar and lagomorphs (Kruskal- Wallis test. p<0.03 alter
Bonferroni correction: Table 6 and Fig. 4). Wild boar and
ligomorphs mainly crossed on wildlife overpusses (0.22
and (.30 detections/day. respectively). overpasses (0.07 and
018 detections/dday) and wildlife underpasses ((L06 and
0.12 detections/duy). None of them were recorded in the

two culvert types. and only lagomorphs made some use ol

underpasses (0.04 detections;day).

Regarding the dimensions ol underpasses. only small
mammals showed o significant negative relationship with
the O1 (rg = —0.306. p<0.05 alter Bonlerroni correction).
Aceordmgly, small mammals (shrews. mice and voles),
prelerentially used circular culverts to cross (U@ = 2.25).
Passage use by laugomorphs, fox. wild boar. roe deer and
canids showed positive correlations with Ol (Table 7)
although they became non=significant after the application
of the Bonferront correction. Red foxes crossed principally

using wider passages, showing a similar level of use in all ol

them (mean-—+standard deviation: 1.39+0.28). Roe deer.
with two records. exclusively used wildlife underpasses.

Heterogeneity () values and Kruskal Wallis probability (p) values are
shown Tor speeies with at least ten detections, ¥ = number ol records of
cach speeies for all crossing structures studied. Significunt resalts (p < 0.05)
alter Bonferront sequential probability correcuon wre shiown i bold.

Similarly. other canids also had a preference for using wide
crossing structures. but they alse had a higher frequency of
using multipurpose passages, independently of their posi-
tion relative to the road. No significant correliations with
Ol were found for the species using passages over the road
(Tuble 7).

No signiticant relationships were found Tor the remain-
mg species but 1t 1s worth noting the case of the Eurasian
badger. This species almost exclusively used underpasses,
and mainly wildlite adapted culverts (L1 = 2.24).

4. Discussion

Our results highlight the broad spectrum of specics
which use the highway's crossing structures and the
relevance ol structure adaptation for wildlite. With the
exception ol amphibians, garden dormce (Elyomis querci-
nusyowater voles (4. sapidus and A, ferrestris), moles ( Talpa
vecidenralis). \errapins (Emys orbicudaris), red squirrels
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6 a Maean Lagomorphs (N=32)
2 ES
6 | IDbs

Crossing frequency
-

2V - a |
i1 %[ﬂi—rh

Wildboar (N=16)

CC AC UP WUP OFP WOP
n=14 n=6 n=8 n=5 n=6 n=4

CC AC UP WUP OP WOCP
n=14 n=6 n=8 p=b n=6 n=4

Fip. 4. Crossing frequency (N observations/ 10 days) of lagomorphs and wild boar it the different structure types (mean, SE. SD). CC: eireular culverts.
AC: adapted culverts. UP: underpasses, WUP: wildlife underpasses. OP: overpasses. WOP: wildlife-overpasses. #: pumber of crossing structuies.

Tahle 7
Results of the Spearman correlations between Openness index of eidch
passage and crossing (requency by species along the A-32

Species Underpasses Overpasses

43 i g P
Western hedgehog — : -0.121 (.7402
Polecat 0214 (.2327 — —
European badger (1208 ().2455 -0.121 (.7402
Small-spotted genet (186 .3005 =
Red fox 0.467 (.0062 0.475 0.1651
Roe deer (1387 0.0260 —
Red deer 0,279 0,1162 —0.121 0,7402
Wild bouar (1401 (.0207 0,482 (L1386
Species groupings
Lizards —).056 0.7578 - —
Ophidians - — (0.241 0.5023
Small mammals —=1.506 01,0026 0.000 10000
Rty 0,100 0.5472 —(k422 0.2247
Lagomorphs 0472 0.0056 (1.247 0.4920
Small mustelids (0.0 (1.8094 =121 (.7402
Large mustelids 0.227 0.2040 — —
Cats 0073 0.6873 1.030 (1.5920
Canids ( Canis spp.) (.380 0.0292 —(1465 01759

Opetiesy (ndices Tor under- and over-passages are computed separately as
explained in the text. The Spearman p value (r,) is given together with its
probability value (p) and the significant results {p<0.03) after Bonlerroni
sequential probability correction are shown i bold.

(Sciurs vulgaris) and Eurasian otlers (Lutra lutra), tracks
showing passage of all vertebrate groups potentially
present in the study area wereé recorded (Palomo and
Gisbert, 2002). The absence of data for amphibians. water
voles. terraping and Eurasian otler is biased by the survey
method used since it does not monitor movements through
flooded passages. Most of these species have been recorded
durng other studies in underpasses of different types
(Rosell and Velasco. 1999, Mata et al., 2005; C. Mata,
LmPublishcd data). Cold weather conditions during the
present study could be responsible for the absence of
records of amphibians and garden dormice in comparison
with other data gathered in the area (Mata et al.. 2005).
All crossing structure types were used by wildlife, both
those spcciﬁczl”_\(‘ designed for that purpose and those

intended for other uses. The use indices demonstrated a
relative use above that expected for all crossing structure
types, except for culverts. Despite this, the potential
importance of culverts, as the commonest crossing
structures of roads and railways, should not be [orgotten
(c.g. a 91 km swretch of the A-52 under study has 106
culverts, C. Mata, unpublished data). Such structures do
not represent an additional construction cost given their
structural function and they ullow the movement of small
and medium-sized mammals from one side to the other (see
also Huijser et al.. 1999: Clevenger et al., 2001; Dodd et al.
2004). Moreover, culverts can be adapted at little extra cost
to favour wildlile, as shown by the intensive use of the
adapted culverts (mainly 2m x 2 m boxes) by the Eurasian
badger: this is noteworthy since badgers sulfer high
mortality from traffic (Clarke et al.. 1998),

Over-and underpasses had high use indices and high
crossing frequencies lor a wide range ol species, including
the red fox and lagomorphs. In general terms, multi-
purpose crossing structures are clearly important for
enhancing the permeability/crossability of roads and rail-
ways (Camby and Maizeret, 1987; Yanes et al.. 1995; Ng ct
al., 2004), However, it is important to note that crossing
structures of mixed human—faunal use have been demon-
strated to be effective for fauna where there is little human
activity (Rodriguez et al., 1996; Clevenger and Waltho.
2003). In our case. the maximum value for human use (that
of overpasses) equals 1.2 pedestrians. vehicles or herds a
day and the use of multipurpose crossing structures by
wildhife could be radically different in areas with a higher
intensity of human use.

The crossing structure design is shown to be a key lactor
for its use or selection by some species, thus determining its
eflectiveness for barrier effect mitigation (Ballon. [D8S:
Forman et al., 2003). This could justify the investmenl on
wildlife crossing structures provided that target species rely
mostly or exclusively on them. In our study. the dilference
in wildlife use of the various crossing structure types was
greatest between culverts and wildlife overpasses, but
differences were notable in the majority ol comparisons.
In simple terms, the width of the crossing structure was un
important feature in their selection by wildlife. as revealed
by lagomorphs, wild boar, deer, red foxes and other canids.
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The relevance of passage width has been highlighted in
other studies (Foster and Humphrey. 1995: Yanes et al..
1995; Reosell et al,, 1997: Veenbaas and Brandjes, 1999),
but our results also show that the position of the passage
wilh reference to the road and its design lor wildlife are key
factors,

The uge of crossing structures by rabbits and Iberian
hares was relaled lo passage design, width and by the
position of the passage with respect to the road. Thus.
overpasses were more frequently used than underpasses
and no rabbit or hare crossed through a culvert, in
agreement with the results presented by Rosell and Velasco
(1999). In addition, the [requency of use of passages built
for wildlife was between 1.5 and 3 times greater than that
af non-wildlife engineered passages in the same position
relative to the road. This tendency was already present in
the previously published results (Mata et al., 2005), but
differences were not as clear-cut.

The results obtained for wild boar and for ungulates also
support the importance of building large wildlife passages.
It is worth noting that the crossing [requencies of wild boar
were higher in this study than in any other to date
(Rodriguez et al, 1996; Rosell et al., 1997: Mata et al..
2005). The width and position of the crossing structures in
relation to the road determined their selection by wild boar
in a similar fashion to that discussed above for lagomorphs
(see also Vassant et al.. 1993). The use of wildlife
overpasses by wild boar was three times greater than that
for overpasses with mixed use. and the boars also used
wildlife underpasses but not open span underpasses. These
results contrast with those of Rosell and Velasco (1999) for
roads in Catalonia (NE Spain), where the species has been
observed using wide underpasses of mixed use, Although
with fewer observations. data available for red and roe deer
point in the same direction. Roe deer used only wildlife
underpasses and had not previously been detected crossing
this motorway. During this study, red deer crossed mainly
through wildlife underpasses, and previous data showed
the relevance of wildlife overpasses for them (Mata et al..
2005).

The results for the remaining species also showed a
tendency 1o usc wider crossing structures. although this
finding was less elear-cut. The high frequency of use by red
loxes of these passage lypes was nolable, with an intensive
use of both over- and underpasses (see also Trewhella and
Harrig, 1990; Rodriguez et al.. 1997). Tendencies shown by
other canids are difficult to interpret due to the presence of
domestic and leral animals as well as wild individuals.
Footprints do not allow the differentiation of wolves but
photographic monitoring of passages carried out in the
area after this study (Mata et al. 2005 C. Mata,
unpublished data) showed them using mainly wildlife
overpasses. In fact, the frequency of wildlife overpass use
18 30-40 times higher than that of non-wildlife engineered
over- and underpasses. However, since photographic
cystems show that domestic and feral dogs are at least six
times more frequent on passages of the area than wolves,

the bulk of results from other canids presumably corre-
spond to dogs crossing through most structure types.

5. Conclusions

Three main conclusions arise from our study: (i) most
terrestrial vertebrate species use (he different tvpes of
crossing structures present on motorways, with more or
less frequency. and their correct design and maintenance
could thus mitigate the barrier effect. However, the width
and specific design of passages play a key role for
determining their use by at least some species of concern.
such as ungulates. Therefore, (i) special attention should
be paid to culvert adaptation and/or enlargement due to
their significance for certain species (e.g. badsers) and
relatively low cost. and (ii1) the high construction costs of°
specific wildlife passages is justified in environmental terms.
Moreover. it is important to note that wildlife passages can
be kept free of human activity while the long-term
effectiveness of mixed-use over- and underpasses can be
threatened by an intensification of their use by humans.
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Abstract

Water scarcily is threalening social and economic growth in rural areas of developing eountries. There are potential markets for water
purification technologies in these regions. The main focus of this article is to evaluate the social, cconomic and political feasibilities of
providing waler purification technologies to rural areas of developing countries. The findings of this research can serve as the basis for
private investors interested in entering this market. Four representative regions were selected for the study. Economic. demographic, and
enyironmental variables of each region were collected and analyzed along with domestic markets and political information. Rural areas
of the developing world are populated with poor people unable to fulfill the basic needs for clean water and sanitation. These people
represent an impertant group of potential users. Due Lo economic, social. and pelitical risks in these areas. it is difficult to build a strong
case for any business or organization focusing on immediatle returns on capital investment. A plausible business strategy would be to
approach the water purification market as u corporate responsibility and social investing in the short term. This would allow an

organization to be well positioned once the economic ability of individuals, governments. and donor agencies are better aligned.

© 2007 Elsevier Lid. All rights reserved.
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1. Introduction

There are nearly 50 countries in the world experiencing
water stress or water scarcity (FAQ, 2005). An area under
water stress is defined as having annual water supplies
below 1700 m* (450.000 gal) per person. A country facing
water scarcity is defined as having annual water supplies
below 1000m” (260.000 gal) per person (UNEP, 2005a.b).
By the year 2025, it is anticipated another 70 countries will
be added to the list. Appendix A contains a list of countries
eslimaled to be water scarce in 2025. As part ol its
Millennium Development Goals, the United Nations has

*(_'.urru'spunding author. Tel; + 1906487 2803: [ax: + 1906487 2944,
Eematil acidresses: danate miwedu (DM, Johnson),

david hokanson@itrugselltech com (D.R. Hokanson).
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set aggressive largels lo reduce by hall the proportion of
people without access to safe drinking water by 2015.
Given the mmportance ol clean waler to human health
and economic growth. and the serious scareity of water in
developing countries, exploring the water purification
market could be a potential business opportunity for
private investors or corporations. This paper evaluates the
economic feasibility of providing water purification tech-
nologies in rural areas of developing countries. along with
practical considerations of social and political factors that
may affect market entrance strategy. The findings of this
research provide interested orgamzations with key infor-
mation about the feasibility of entering the marketl. Four
cases were analyzed, including Sichuan, China: Madhya
Pradesh. India: Honduras. Central America: and Mozam-
bique. Africa. Two cases representing extremes are
presented in more detail. The two extreme cases included
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Sichuan, China, as the most (easible choice and Mozambi-
que, Alrica, as the least favorable alternative,

This paper 18 organized as follows. Section 2 discusses
ditta sources used for this study. Section 3 outlines the
n'let]_'todology used for se]ccling water puriiicalion technol-
ogies. Section 4 describes the methodology for selecting
representative regions for this study. Section 5 discusses
case studies for Sichuan Province. China, and Mozambi-
que, Alrica. Section 6 concludes the paper by summarizing
the findings and giving suggestions to corperations that are
interesied in entering the water purification technology
market in the rescarched regions. Section 7 offers sugges-
tions lor future research.

Z. [rata sources

Several sources for social, economic. and governmental
data were utilized to support the overall findings of this
paper, including diverse medium of professional and
academic journals, textbooks, special topic books. and
databascs.'

Several governmental and non-governmental sources
were used to identify and assemble demographic and
geographic data. For example. the United Nations (UN)
Department of Economic and Social Affairs Population
Division was used (o obtain both urban and rural
population levels, densities, and growth rates. The UN
population reports contain both national and regional level
data along with sources of local census data, il detail 1s
required at that scale. Energy supply. distribution, and
infrastructure data for the targeted regions was gathered
from the International Energy Agency (IEA), the Organi-
zation for FEconomic Co-operation and Development
(OECD). und the World Bank.

Water resource supply. withdrawal. and use data was
gathered primarily from the UN Environment Pro-
gramme’s (UNEP) Global Environment Outlook (GEO)
Data Portal. The GEO Data Portal is a collection of data
sets used by the UNEP and its partners for various
environmental reports and assessments. Databases avail-
able a1t the UNEP include water access statistics from the
World Health Organization/UNICEF and water resources/
usage data from the Uniled Nations Food and Agriculture
Organization. The World Health Organization (WHO) was
the source for water trecatment standards. Other data
sources related to water rates and willingness-to-pay levels
include the World Bank. The World's Water biennial
reports, individual consulting reports, and technical
literature reviews of valuation surveys and methods.

The UNEFP GEO Data Portal offers country-specific
information on: gross domestic product (GDP) per capita.
illiteracy rate. and GDP annual growth rate. Literacy rates
are available through United Nations Educational. Scien-
tihe, and Cultural Organization (UNESCO). The UN
Statistics Division provides household size data for over 90

'Some databases were available al vanous websites,

countries. For countries not included in the UN database,
household size data is available through a variety of
sources and 1s country-specific (e.g. Census of India). The
World Bank Group (2005a) has a qualitative ranking of
each country’s governance in the world. The following six
indicators aggregated illustrate a country’s governance
proficiency: Voice and Accountability. Political Stability
and Absence of Violence, Government Effectiveness,
Regulatory Quality. Rule of Law. and Control of Corrup-
tion.

Numerous data sources were utilized for the business
case studies to offer a broad perspective of the soetal,
economic. and governmental viewpoints. The Central
Intelligence Agency’s (US CIA. 20035) World Factbook
was accessed multiple times for the economic information.
Region-specilic resources used [requently included websites
ol the Madhya Pradesh. India government und the Bureau
ol Statistics ol Sichuan, China. Country-specific resources
include websites of the National Burcau of Statistics of
China and Mozambique’s National Institute of Statisties.

3. Methodology for selecting water purification technologies

For water purification technologies, the disinfection
contribution. primary uvse. affordability, and appropriale-
ness of sach technology were analyzed as a basis for
selection. Four criteria established for technologies were:
(1) disinfection capability to remove or inactivate micro-
biological contaminants for safe drnnking water; (2)
primarily applied to domestic use; (3) alfordable Lo the
user; and (4) appropriate for cultural and social conditions,

Based on the above selection criteria and the technology
information, the most appropriate technologies were:

e Hand pumps.

e Media filtration (sand fltration).

e Reverse osmosis (RO),

® Chemical disinfection (chlorine bleach).

e Ultraviolet radiation (UV).

® Flocculation/coagulation plus sedimentation (or filtra-
tion).

These represent the least costly alternatives. and in some
cases, require ne technology or energy/ power.

3.1. Specification of community size for cvaluation of water
purification systems

For the selected technologies. a community with a
population of 1000 people was selected as a representative
size based on the fact that a reasonable estimate of the
common population of the communities and neighbor-
hoods in the selected countries or regions was 500-800
people.
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l'able |
ey variahle data for the four regions

Viriables Honduris Mozambigue Madhva Pradesh, Indin Sichuan, Ching
GDP per eapita (S US) 1026 12004 233 2009) 603 (2400 o alt i
Gross domestic product — annual growth rate (%) 4.79 L6 4.33 f0.13
Political stability (% ranking) 38.4 HIK 2020 51.44
Government effectiveness (% ranking) 273 428 54.1° 034"
Totul population (thousunds) 7257 19495 HOARS ROT30
Percentage rural (%) 530 62 73.33 82
Literacy rate (% population over age 15) 76.2 53.5 64.11 80,43
Average household size (# persons) 5.4 4.1 5" 4%
Water use per capita (m’/vear) 133 36 635 —~ 80,35"
Yo of urbun pepulation with access to improved water® 99 76 =835 gz

Y of rural population with access o improved water™ 82 24 100 68

Sources of dura: Ping (2005), IMF (2005), Office of the Registrar General-India, (2001). DDWS (2003), Government of Madhya Pradesh (2003a. b). NBSC
(2003). UNESCO (2005), UNEP (20034, b), UNESA (2004), The World Bank Group (2003a-d), US CIA (2003), BSS (2003). Dev and Mahendra (2004),

"National data, not provinee/state specific at this time.
YRural water use: urban water use is 153.38.

“The definition of “improved™ water is based on the assumption that one lechnology is better for health than none at all. implying that “improved™

water and sanitation desigmate sale water and sanitation.
4. Methodology for selecting representative regions

Four representative regions were initially selected for the
study. Economic, demographic, and environmental vari-
ables of each region were collected and analyzed along with
domestic markets and political information. To ensure a
broad representation of markets on a global scale, it was
decided to select a province within China. a pro-
vince within India, a country in Alrica, and a country in
Central or South America as the four representative
regions, Criteria for selecting the four regions are provided
below.

4.1, Selection of regions of study

The criteria for selecting representative regions were
defined by ten key variables (i.e., GDP was counted as one
variable). These included demographic. cconomic, political.
and water resource related variables used to assess a region’s
suitability for this study. The ten vanables and the data
associated with each variable are summarized in Table | for
the four selected regions. Demographic, economic, and water
resource related wvariables are self-explanatory. Political
sriables include political stability” and government elfec-
tiveness.” Demographic variables include literacy rates to

“Political stability is defined as one of six dimensions of the Governance
[ndicators combining several indicators that measure perceptions of the
likelihood that the government i power will be destabilized or over-
[hrown by possibly unconstitutional and/or vielent means, including
domaestic violence and terrorism (The World Bank Group, 2005d).

Government effectiveness is defined as one of six dimensions of the
Governance Lndicators combining responses on the quality of public
service provision. the quality of the bureaucracy, the competence of civil
servants, the independence of the civil service from political pressures. and
the credibility of the government’s commitment to policies (The World
Rank Ciroup. 20053d).

account for ease of information transfer pertaining 1o the
business and technology of water purification systems.

The political stability and the government effecti-
veness are thought to be critical attributes for a firm to
make a decision regarding the sclection of a particular
country for investment. The World Bank Group (2005a)
conducted a study to rank these two attributes (among
others) ol nearly every country in the werld. Madhya
Pradesh and Sichuan’s rankings for political stability and
government eftectiveness are for all of India and China.
respectively. Therefore. for these two target regions, the
values may not accuralely represent the provincial political
stability and government effectiveness. However, China
and Mozambique represent the two countries most
politically stable and with the highest government effec-
tiveness of the four target regions. While India has an
effective government, its political stability ranks lower than
the fiftieth percentile. Honduras™ rankings fall below the
fiftieth percentile as well. Diversity with respect to
sovernment effectiveness and political stability exists
among the four target regions through the spread of
rankings.

When choosing the four target regions. literacy rates
were considered to account for ease of information transfer
pertaining to the business and technology of water
purification systems. All four countries have literacy rates
at 54% or greater. with Mozambique's literacy rate near
54% (The World Bank Group. 2005d). These literacy rates
indicate the potential for educating (echnology operators
and business entrepreneurs.

Western China is much less developed (han eastern
China. Twelve western provinces account for 75% of the
total area and 28% of total population. but only 19.2% of
total GDP of the entire country in 2002 (SATC, 2002).
Northwest China is dominated by desert, and therefore,
water resources are scarce. Northwestern provinces arc
sometimes alflicted with separatism and terrorism threats
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Table 2
Key variables of the southwest provinees of China

Province The amount  Rural GDP per Income per
of waler population cipity capiti
supply (thousands) ($UN) (rural)
(hillion {SUS)
lem®)

Guangxi 237,259 41,042 615 243

Gmzhou 111,757 31.034 173 180

Sichuan 206.610 09,049 679 235

Iihet 4124349 2201 730 177

Yunnan 230487 34808 622 194

Source, NBSC (2003).

Table 3

Key variables of the candidate countries in Alrica

Country Renewible waler  Population  GDP per Political

resources (km') (thousands)  capital stability
(SUIS) (%)

Botswimil 290 1801 3968 L4

Cameron 273.00 16,564 702 373

Kenya 20.20 32,849 320 21.6

Madagascar 337,00 18409 209 53.3

Mulawi 16.14 12,572 142 34.6

Mozumbigue 99,00 19,495 222 H3.8

Namibia 0.16 2032 2230 6l

Nigeria 221.00 130.236 73 10.3

Tanzania 82.00 36,388 201 357

Zumbia 80,20 [1.043 i1 44.3

Zimhabwe 14.10 12.963 528 8.0

Sources: UNEP(2005a), UNESA (2004), The World Bank Group (2005d).

from central Asia. Southwest China consists of 5 provinces.
as listed in Table 2. Tibet was immediately eliminated as a
province for the study due to the harsh environment and
prohibitive transportation cost. Sichuan was the best
gelection due to its large rural population and relatively
high income per capita.

North Aflrica was immediately discounted because of
water resource scarcity. Then. any country afflicted with
wars and turmoil was disregarded due to the extreme
barriers that would place on emerging business and
technology. These countries were Sierra Leone. Liberia,
Cole d’'lyoire, Central Aflrican Republic, Sudan, Eritrea.
Ethiopia, Somalia. Uganda. Burundi, Congo-Brazzaville.
Congo. and Angola (Guest. 2004). The candidates for this
project were eleven central and southern African countries
with relatively peaceful environments, as listed in Table 3.
Mozambigue stood out among the remaining candidates
with its high percentile ranking of political stability and
relatively large population.

Mauadhya Pradesh, a province in India with a lower
population percentage clagsified as rural, was selected to
further diversify the targeted sites ol the project. However,
the overall population needed to be large enough to
accommodate profitability of a water purification technol-

ogy. Madhya Pradesh has a total population of more than
sixty million with nearly 25% rural.

Besides the ten key variables. geographic location is
another eriterion used in selecting target regions. The
regions ol study were selected based on geographic
diversity. For example, Honduras and Mozambique arc
coastal nations, but Madhya Pradesh and Sichuan are land
locked. Also, states in northeast India were avoided
because of close proximity to China. Madhya Pradesh is
located in the center of India and is representative of India
with many of the stales with large populations in the same
region having similar water access issues.

From the preliminary data analysis, the following four
regions were targeted for this study based on the ten
selected variables:

o Honduras, Central America;

® Mozambique, Alrica;

e Madhya Pradesh Province, India:
® Sichuan Province, China.

National data for China and India was used in some
parts of this study when provincial data was not available.
The two regions ta be discussed in more detail in this paper
include: a Chinese province, Sichuan, China, and a Sub-
Saharan Africa country, Mozambique.

4.1.1. Water stress or scarcity

Aside from the water resource related variables histed in
Table 1, water stress is also an important consideration in
selecting representative regions. As shown in Appendix A.
based on the earlier definition of water stress and scarcity,
the four regions/countries chosen [or analysis cover a wide
range of water resource availability and consumption. with
many facing waler stress or scarcity conditions in the
coming years. For example. many regions in China and
India currently face water stress conditions. By 2025,
Mozambique. India. and several provinces in China will be
under water stress. with some Indian states facing water
scarcity conditions (UNEP. 2005b). Honduras. however,
has abundant water supplies and is not expected to sulfer
water supply shortages within the coming decades (UNEP,
2005b). Moreover, the Tour selected regions cover a wide
range of annual domestic water consumplion patterns,
with Mozambigque (4m”/capita or 1060 gal/capita) and
Madhya Pradesh (51 m’/capita or 13.500 gal/capita) being
the extremes. All four regions also face challenges in
providing clean water. Urban and rural areas with aceess to
improved water supplies vary greatly between the selected
regions.

In Table 1. the delinition ol “improved’™ water is based
on the assumption that one technology is better for health
than another. implying that “improved” water and
sanitation designate safe water and sanitation. Although
defining access as “improved™ or “not improved”' simplifics
the meaning, there are contradictions to everv situation.
For example. in some locations an unprotected houschold
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well may provide a better supply of water, both in terms of
quantity and quality of water, than a household connec-
tion. which may be su hj ccl to intermittence and poor water
quality. It is argued in the 2003 joint report by twenty-three
UN agencies, Water for People, Water for Life. that
methadology should be further developed so that progress
can be assessed by measuring the number of people with
aceess Lo “safe and sulficient™ water and “‘safe and
convenient”™ sanitation that meets basic welfare und
hygiene needs (Waler for People. 2004). The issue is nol
whether people have access to water and provision for
sanitation, but whether the water supplies are safe,
sulficient for their needs, and easily accessed at a price
they can afford. It is also essential that there is a quality
provision for sanitation that eliminates contact with
human excreta and wastewaler by making available toilets
that are convenient, clean. easily accessed and affordable
by all.

5. Case studics

The case studies section provides mlormation on the two
extreme cases: Sichuan Province. China and Mozambique.
Alrica. Sichuan Province. China is the most feasible
possibility for introduction and implementation of water
purification technologies. Mozambique: Alrica represents
the other end of the spectrum as the least feasible
opportunity.

The level of detail and analvsis varies based on the
availability of information for the two regions examined in
the case studies. General information includes the econom-
ic backeground. rural water supply and demand. water
purification technology customers, water treatment tech-
nology market. and barriers and risks to entry. Additional
information, based on data availability. includes private
investment, international organizations and NGO invest-
menlt, and rural water supply project financing practices.

5.1 Introduetion to the case studies

5.1.1. Buckground in waler privatization

In the early 1990s there was a shift in international
development toward allowing transnational corporations
to play a role in providing water and sanitation to the
developing world. The belief was that individual countries
could no longer meet their people’s needs due to
inefficiency and corruption. As a result, international
development agencies. such as the World Bank, pushed
for water management by the private sector, Although this
seemed like an ideal solution. transnational corporations
have struggled with privatization because they find
difficulty in generating profits in the sale of services to
the poor. This leads to communities accusing corporations
of favoring projects for the wealthy (Robbins. 2003).

In recent years, private organizations have begun to
consider both linancial benefits and social responsibility in
their attempts to meet the water needs of the poor. In

January of 2002, I.F. Talbot. chicl of SAUR International,
the fourth largest water company in the world. informed
the World Bank that water could not be delivered 1o the
poor. Talbot stated that “the scale of the need far out
reaches the financial risk taking capacities of the private
sector” (Hall, 2002).

At the same time it is still apparent in many developing
couniries that the majority of poor villages and urban
slums are not yet served by piped waler systems. Waler
sources available to the poor are polluted rivers. lukes, and
shallow hand dug wells_To avoid these sources, some dre
dependent on street vendors that cost more over time than
paving fees for piped water (an unalfordable mnvestment).
In addition. middle class consumers in many countries pay
subsidized rates. becoming a burden to government and
preventing the expansion of ifrastructure to the poor
(Siregar. 2003). It is conditions such as these that motivate
organizations like the World Bank to push for privatiza-
tion ol the water market.

3120 Role of international  organizations and  non-
governmental organizations

Although international governmental and non-govern-
mental organizations (NGOs) play a significant role in
activities in rural areas of developing countries of the
world, it is not certain that they will be customers (or water
purification technology. Based on regearch ol current
NGOs practices, it can be concluded that some organiza-
tions are helping to install purification technology: the
technology promoted is usually what is considered
“appropriate technology™, Accordingly, technology must
be “culturally and economically appropriate” so it can be
operated and maintained by local people.

The NGOs arc not in the business of promoting or
marketing technology. Companies need to properly eval-
vate the environment and the market and not expect (o
implement technology that is not appropriate (i.e.; no
power or fuel source available). This is not suggesting that
the NGOs do not work with private investors. It is staling
that NGOs will in some cases work with private investors
to evaluate what technology may be “culturally and
cconomically appropriate™ in a given setting.

Also. many organizations focus resources on providing
waler and sanitation education (and not technology) o
local communities for families to understand the benefits of
using clean water and the interaction between clean water,
sanitation, and improved health, Significant investments in
water technology focus on providing accessibility to water
for those in need. Examples of this include hand digging or
mechanical drilling a well, installing u hund pump. und
constructing rainwater catchments and wafer storage
tanks. The water is consumed in an untreated form. or
subsequently boiled or treated with chlorine.

5.1.3. Portential customers and waier market
Generally, it is difficult to collect customer information
in rural areas of each region for several reasons. First, the
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demund for sanitation and water supply has been weak
because the perceived benefits of the purification technol-
ogiee are outweighed by the investments needed Lo receive
and sustain it (Deverill et al., 2002). Second, people in
remote areas are hard to reach by organizations. Because it
is difficult (o identify end users, this research assumes that
the customers would be communities. internalional orga-
nizations. or NGOs, These are the organizations willing to
purchase the weehnology and deliver clean water to the end
USErs.

A precise estimate of the size of the water purification
market is not always possible. This analysis instead used
information assembled from previous studies to develop
broad estimates (Meng et al.. 2004; WaterAid. 2003a:
Water and Sanitation Program. 2002). The results of these
earlier studies show there is a low willingness for rural
populations to embruce new water supply technologies
(WaterAid. 2003a). These represent immature markets for
walter purification technologies that need significant devel-
opmett.

3.2, Regional analysis Sichuan, China

3.2.1. Economic backyround

“Sichuan. located in southwestern China, is an agricul-
tural province. Sichuan has the third largest population
among all provinees in the country. Its rural population
accounts for 80% of its total population. Boosted by the
National Western Development Plan launched by the
Chinese government a (ew years ago, Sichuan’s economy is
growing at a rapid pace with an average growth rate of
[0.153% during 2000-2003 (BSS. 2003).” compared lo a
national average of 8.25% during the same period (The
World Bank Group, 2005¢). The growth rate is an average
for both urban and rural aveas. The rural growth rate is
much lower than the average. This rate was not reported in
statistics used for this study. Table 4 provides a summary
of Sichuan’s key economic indicators.

To stimulate domestic and loreign investment. China has
been maintaming very low interest rates (lower than most
countries) since 1998 (US Department of State, 2003a). The
infllation ratec has been successlully controlled between
0.7% and 4% in 20002004 (IMFE. 2004). The exchange
rate of Chinese Yuan to US dollar has been constant
around 8.3 Yuan per US dollar for more than one decade.
¢ a result of government manipulation. Recently, the
government has expressed its intention to relax control
over the exchange rate (The Economist, 2005). but it is
difficult to forecast future luctuations.

Most rural residents obtain water directly from rain-
water, surface water, and shallow wells. Waler consump-
lion per capita is estimated to be B0.531 per day (NBSC.
2003). Province specific data is lacking to determine the
percentage of residents who have access to improved water
sources. bul the nationwide percentage is 68% of the rural

Table 4
Sichuan economic indicators

Economie indicators Sichuan China

1285 Million”
502 Million™

86 Million”
| TMillion”

Population (2002}
Urban (2002)
Rural (2002) 69 Million" 782 Million"
GDP (2002) (5US) 59 Billion® 1266 Trillion*
Per capita nel income (2002) 255" 299"

(rural) (SU'S)

GDP average annul growth rate
(2000-2003)

10,1544 @.2504"

INBSC (2003).
PBSS (2003).
“The World Bank Group (2005¢)

population (WHO, 2005). which is used throughout this
study lo estimate Sichuan’s rural population with im-
proved access o water supply. At the national level. the
Chinese government has set a high priority lor increasing
rural access to improved, conveniently located water. The
government encourages investment of this kind to help
reduce poverty and improve health and living standards in
rural China.

One factor impacting Sichuan’s water supply is the
construction of the world's largest water dam, the Three
Gorges Project (which was started in 1994 and completed
in 2006, ahead ol schedule). in Hubei (a neighboring
downstream province of Sichuan) (IRN, 2006). As a result
of the many concerns regarding the possible pollution to
the water supply of Sichuan, many treatment facilitics are
expected to be built in near future.

5.2.3. Private investment

Most water supply infrastructure is state-owned and
state-operated. Since China joined the World Trade
Organization (WTO) in 2002, the central government has
been gradually introducing more market-driven practices.
The government is also slowly lowering barriers to market
entry to allow private investment and international
investment. For example. the consortium of Vivendi
(France) and Marubeni Company: (Japan). a loreign owned
water group, has recently been granted the right to operate
the Sixth Water Plant in Chengdu (the capital eity ol
Sichuan) (US DOC, 2003). The number of privale investors
and international investors is still small. Their presence has
been regarded as positive to the development of the water
supply sector. The locul government and rural residents are
continuing to welcome their investment.

5.2.4. International organizations and NGOs invelvement
Since the 1980s. China’s rural water supply projects have
obtained financial support from various international
organizations, including the World Bank, United Nations
Development Program (LINDP). the United Nations
Children’s Fund (UNICEF), and the WIO, ¢te. (Meng
et al.. 2004). The World Bank is the major contributor



422 DM, Johnsen et al, [ Journad of Environmental Management 88 12008 ) 416-427

among these organizations, and has linanced a total of
SUSI37 million in loans for four water supply projects
since the 1980s. Table 5 presents a briefl summary of the
four prajects. Sichuan was one of the beneficiary provinces
in the first project (CRWS),

The Chinese government encourages NGOs o support
rural water supply projects. For example, from 2000 to
2004 one major Chinese NGO, the All-China Women
Federation, has raised approximately SUSIS million to
support rural water supply projects in western provinces
(Meng et al.. 2004).

5.2.5. Rural water supply project financing practices

In China. partial user-financing for rural water supply
projects has been in place for many years and has been
mostly successful. Funding of a project comes from various
sources, including contributions from different levels of
government, bank loans, and end users, In a typical World
Bank supported project. the Bank provides 50% of the
capital through credit/loan (Waler and Sanitation Pro-
gram, 2002). The different levels of government finance
25%. with the end users contributing the remaining 25% in
the form of cash or labor hours. The end users are also
responsible for the Bank debt payback and the operating/
maintenance cost through payment of water tariffs. which
arc regulated by local governments. Taking all this
information into consideration, the users finance 75% of
the investment cost (Water and Sanitation Program. 2002).
For cconomically disadvantaged villages that cannot
afford this share, it is expected that other players
(governmental andfor non-governmental organizations)
would provide sh‘onger support.

3.2.6. Water purification technology customers and mariket

Past rural water supply projects were mainly funded by
governments. international organizations, and NGOs.
These could be the potential customers for the water
purification technologies. With the opening of the water
supply market. private investors could also be potential
customers. Province specific data is lacking to determine
the size of the market of water purification technologies in
Sichuan. The total size of the market in China is enormous
and provides a significant opportunity. It is reasonable to

lahle §

estimate that Sichuan. the province with the third largest
population in China, has a significant portion of thig vast
market. Most of the market demand is covered by local
production, but the import market is promising. According
to the US Commercial Service, China’s market for
imported water treatment equipment is about SUS2 billion
per vear (US DOC, 2005). Table 6 summarizes the markat
size data.

5.3, Regional analysis Mozambigue

3.3.1. Economic background

Although it has experienced high GDP growth in recent
years, Mozambique is one of the poorest countries n the
world. The 7.25% growth rate is one of the highest in
Alfrica, but poverty still remains pervasive in rural arcas,
Per capita income in rural Mozambique averages SUS65/
year. while the median is only $US30/vear (Walter et al..
2004). The high GDP growth rate is observed because the
scale of Mozambique's economy is small and is not an
indicator of an economic boom. Table 7 provides a
summary of the key economic indicators in Mozambigue,

The inflation rate 1s high but has been steadily decreasing
in recent years, from 16.8% to 12.9% in 2002-2004 (IMF,
2004). Mozambique has a small capital market of ten
commercial banks. Taking out a loan is usually difficult
and expensive because of high interest rates (US Depart-
ment of State, 2005b). The foreign exchange rate of
Mozambique meticais to US dollar is stable around

Table 6
Estimated size of the water and wastewaler technologies market in China,
1999, (millions of $U'S)

Technology Local Imports Total market
production shae

Walter {reatment 1506 646 2152

and supply

Wastewater 1191 1273 RIS

treatment

Tetal 3417 1919 3330

Souree: US DOC (2005).

Rural witler supply and sanitation program in China supported by the world bank

Name of project No. of province  No. of counties

No. of beneficiaries million people

Implementation period W credit/loan (V%)

Start Complete
CRWS 3 25 593 1985 1991 1046 (C)
CRWSS fi 75 9,06 1992 19uR 1100 (C)
NRWS 5 40 4.60 1997 2003 T0.00 (€Y
FRWSS 4 27 308 1994 2003 30.00 (C)
16.00 (1)
Fotil 20 167 22,67 13746

Sowrce: The World Bank Group (2002),
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Tahle 7

Muozambigue cconomic indicators

Feomomie indicators Muozambigue

19.50 Million"
7.40 Million"

Population (2005)
Urban (2003)
Rural (2005) 12.10 Million"
GDP (2003) (FUS) 4.3 Billion"
Per capite nel income (2002) (rural) (SUS) 63"

GDP average annul growth rate (2002-2003) 7.25%°

"UNESA (2004).

TIME (2004).

“Walter et al. (2004).

“The World Bunk Group (2003b),

23.700 meticais per US dollar in recent years (US CIA.
2003).

Lack of clean water is a serious problem in Mozambi-
que. Improving water guality and increasing access to safe
wialter. in both urban and rvural areas. are among the
Government's poverty reduction strategies. Government
efforis have vet to reach rural areas. Even in cities. the
water price sometimes 15 so high that not all city residents
can afford access. The Mozambican government initialized
4 “Poverty Reduction Strategy Paper (PARPA)™ in 2001.
which set the water sector as a priority (SDC, 2003). Under
this stratesy, there are two main goals in improving the
country’s water supply: (1) establish an integrated water
resource management system; and (2) build sanitized water
supplies for all areas. Given the limited resources and the
current government efficiency, there is still a long way to go
before the goals can be achieved.

5.3.2. Rural area water supply and demand

Twenty-four percent of the rural population has access
o improved water sources (WHO, 2003). Shallow wells
and hand pumps are the only means of obtaining water in
rural areag.

5.2.3. Private investnient

The Mozambique sovernment has consistently failed to
provide affordable and sustainable clean walter lor its rural
population because of government's limited capacity and
authority. The government is now encouraging the
participation of the private sector (including international
investors) in the construction of improved water sources. A
core element ol their strategy is the policy of public asset
pri\rﬂtizulion, as indicated by the Enhanced Structural
Adjuetment Faeility Paper (ESAF). another strategic
document approved by the government recently (Zanda-
mela, 2001). Because most water supply facilities are public
assets. this policy offers many opportunities for foreign
investors who can provide cheap and sustainable water
supply technologies.

Two private sector participants are known for this study.
Aguas de Mozambique (AdeM) (The World Bank Group.
2004), a consortium of SAUR International. IPE Aguas de

-

Portugal and a group of five local investors, has under-
taken a |5-year lease contract to improve urban water
systems in five cities in Mozambique since 1999 (WaterAid,
2003a). AdeM’s operation has been turbulent and un-
successlul. AdeM’s involvement is limited to urban areas
only. A Mozambican private institution called EPAR
implements water sanitation systems mainly in rural areag
(WaterAid, 2003a). EPAR receives financial and technical
support from both the Mozambican government and
Oxfam Belgium. a major European NGO.

A recent sample study conducted by WaterAid
(WaterAid. 2003a), a major water resource related NGO
based in the UK. shows thal privale sector participation
has barely tackled any water supply difficulties in
Mozambique due to the long-lasting major problems in
capacity building, community participation, finance and
institution reform. The study cautions private investors’
involvement in waler supply projects in Mozambique.
Extreme poverty. poor governance, inactive citizenry, and
lack of responsible partners are among the concerns cited
by the study.

5.3.4. International organizations and NGOs involvement

Water supply projects in Mozambique predomi-
nantly depend on the involvement of international
organizations and NGOs around the world. Refer to
Appendix B for the major participants and their projects in
recent years.

3.3.5. Rural water supply project financing practices
Government financed projects require water consumers
pay 2-10% of the capital cost of a water facility (Breslin,
2002). The remamder comes from the government's
budget. For each dollar the government invests. 90 cents
are expected to come from foreign aid (WaterAid, 2003b).
While heavily relying on foreign aid itself, the government
has faced sharp criticism [or making its poor citizens pay
their share of 2-10% (Breslin, 2002). In addition, NGO
financed projects sometimes provide water consumers a
range of options Lo contribute to the capital cost. For
example, they can contribute maize (corn. a major crop in
Mozambique) or in-kind labor instead of cash.

5.3.6. Water purification technology customers and market

The Mozambican government, international organiza-
tions. and NGOs are potential customers for the technol-
ogies Identified in this study. EPAR and AdeM are
potential private sector customers. Water supply/treatment
technologies used in rural Mozambique are predominantly
hand-dug wells and hand pumps. Hand pumps have
proven to be extremely difficult to maintain. More than
35% of hand pumps across the whole country are
dysfunctional (WaterAid. 2003a, b). Protected springs and
rainwater harvesting are also used ocecasionally (Breslin.
2003). There 1s insufficient information available Lo
determine market share for these technologies.
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3.4 Profttability wncertaintics due (o high risks

Common risks and barriers associated with investment
into the water purification technology industry in the four
selected regions are listed below:

1. Government corruption. A major concern is the pervasive
corruption in government. Bribery and “under the
tble™ deals are common practice in doing business in
these regions. This may add unforeseeable expenditures
to initial investment.

2. Affordability. A risk specific o rural area water supply
projects is that poor villagers usually cannot afford
treated water. A vast amount of the rural population in
these developing countries is stll strugeling to obtain
basic living necessities. According to a WHO estimate, a
household should spend 3.5% of its income for basic
water supply (Walker et al., 1999). Based on this
estimate, investors should not expect to finance any
significant part of the project through water tariffs.
Investors should also be aware that the revenue
generated 1s likely to be inconsistent and unsustainable.

3. Uncertainty of capital recovery. The same problem leads
to difficulties in capital recovery for any investors.
[nvestors must capitalize on the non-cash contribution
of the poor communities. as well as the social benefits. to
justify their investment,

Additionally, each region/country has specific risks. as
discussed below:

3.4.1. Sichuan, China

|- Water tariff regulations. The biggest risk comes from the
water tarifl regulation by the government. In poor areas
government intervention in selting water prices is
common. The variation of water prices is a major factor
to be considered by any investor (US DOC. 2003).

- dmport regulations. If a water supply project requires
imported technologies and equipment. then China's
constantly changing import regulations pose a threat to
investors. Identical technologies and equipment may be
subjected to different levies at different times and ports.
This uncertainty complicates the investors’ cost control.

[

3.4.2. Mozambigue, Africa

L. Low literacy level and hygiene education. The low literacy
rate and hygiene education among rural residents under-
mine public awareness of the importance of clean water. As
a consequence, rural residents have a low willingness to
aceept more advanced water treatment technologies (Water-
Aid. 2003a). This is a common phenomenon in Africa.

o State owned facilities. Water supply infrastructure is
traditionally owned and operated by the state. The
worker union in the state-owned facilities strongly

[ %)

opposes privale sector participation in any utility
services in the country (Zandamela. 2001).

3. Insufficient statistical data. Due to the constrained capacity
and authority of the Mozambican government, statistical
data needed by investors is insufficient. Fven the available
statistics arc usually unreliable (WaterAid, 2003b).

3.5, Investment feasibifity

Overall. based on the set of qualitative variables used in
this study to evaluate and analyze the business case [or
water purification technology in rural arcas of developing
countries, it is difficult to build a strong case for any
business or organization focusing on immediate returns on
capital investment.

Il a private investor is willing to take on business risk to
pursue @ market, Sichuan, China may represent a potential
opportunity for limited water purification technologics.
Sichuan has the largest population density and rural popula-
tion percentage among the four regions studied. This could be
a sign of possible market and demand growth for technologies.
Sichuan’s economy 1s growing 4t a pace as fast ag the national
cconomy of China. Rural houschold income is likely to
increase with the growth of the economy and lead to increased
willingness to pay for improved water supply. Moreover, the
Chinese government has implemented fayorable policics 1o
encourage foreign investment, locusing on poverty reduetion
and living condition improvement in Western China, For
example, a 3-year tax break is available in Sichuan because of
the National West Development Plan (SATC, 2001, 2002).
Based on these facts. Sichuan. China could be the most
favorable potential market for water purification technologies
among the four regions,

On the other hand, it is not recommended to pursue
business opportunities in Mozambique. Most water con-
sumers in rurdl Mozambique are relying on unstable
income sources. It is not unusual for people to fail to pay
for water, no matter how low the water tariff would he. In
many cases water consumers have (o pay the water tarifl
with crops due to shortage of cash. This indicates a very
unstable cash flow and unsustainable revenne source for
the operation (Zandamela. 2001). The same problem leads
to difficulties in capital recovery for any investors.
[nvestors must capitalize on the non-cash contribution of
the poor communities, as well as the social benefits (o
Justily their investment (WaterAid, 2003a). The inability to
pay for improved water associated with the low literacy
rate and the lack of hygiene education among rural
residents leads to low acceptance of advanced technologies.
Another critical factor is the lack of reliable statistical data
for investors to make a well-informed business decision.
There are also other factors that would prevent a company
from operating successfully in Mozambique, such as
corruption, state-owned facilities preventing private busi-
ness entry, ete. Considering these risks, it is unlikely
pursuing business opportunities for water purification
technology in Mozambique will be economically feasible.
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6. Coneclusions and recommendations

Rural areas of the world are populated with poor people
unable to fulfill the basic needs for clean water and
santitation. Although this represents an important group of
potential userg, the population density in rural developing
countries may be difficult to quantify. small in number. and
difficult to reach. Because ol these critical 1ssues, markets
for rural areas ol developing countries may not represent
goonomically feasible regions to implement water purifica-
tion technologies. The development effort should locus on
generating demand for clean water by changing the social
and cultural norms thal currently prevent inhabitants of
rural areas of developing countries from understanding the
neeessity of clean water.

As part of its Millenmum Development Goals the
United Nations has set two aggressive goals which apply
dircetly to the future of the water purification market.

e By 2015, reduce by half the proportion of people
without access to safe drinking water,

e Target for 2015: Halve the proportion ol people living
on less than a dollar a day and those who suffer from
hiunger. '

These goals were set at a September 2000 conference and
have been approved by the world community (UNDP, 2003).
It is Tor these reasons that a plausible business strategy may
be to approach water purificalion as a corporate responsi-
bility and social investing in the short term. which will allow
one’s organization to be positioned well once the economic
ability of individuals. governments. and donor agencies are
better aligned. As one individual from the NGO CARE
stated during this research. taking the time now to learn
about people and culture and develop appropriate business
models without the pressure of making a profit will provide a
competitive advantage when the market for water purification
technology evolves over the next decade.

7. Future research

Population density is typically low in rural areas of
developing countries and could be one of the larger
impediments to growth in new or expanded markets for
technology. Urban regions ol the developing world may
represent @ larger potential market based on population
trends and density. In lact, urbanization is one of the
critical global rends shaping the future. For example. by
2023, it is estimated that two-thirds of the world's people
will live in eities. In contrast, only one-third of the world’s
population was urban 33 vears ago. In addition, more than
150,000 people are being added to urban populations in
developing countries every day. Poorer people can be
located in urban regions, and in some developing nations,
may represent a large share of the potential consumers and
end-users for growth in these regions,

Because country, province/state and region specific data
was used in the current study. key indicators represent
possible barriers to urban areas in these same countries,
provinces/states. and regions. Future studies should focus on
different countries and/or regions within these countries.

If accurate information regarding market size potential
is desired, a longer time frame of 1824 months may be
required to gather information, A caveat is that even wilh
more market research, the conclusions may remain the
same.
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Appendix A

Countries estimated to be water scarce in 2025 Seckler
et al.. 1999 are given in Table Al

Table Al
Countries estimated to be water scarce in 2025 (Seckler et al.. [UOU)

Category 1
(absolute water
scarcity)

Category 2
(economic
waler seiareily)

Category 3 Category +

Alghanistan Angola Albania Argenting
Egypt Benin Aldgeria Austrin
lran Botswana Australia Bangladesh
Trig Burkina Faso Belize Beloium
Israel Burundi Bolivia Bulgaria
Jordan Cameroon Brazil Canada
Kuwait Chad Cambaodia (China)*
Libya Congo Central Costa Rica
African
Republic

Oman Cote lvaire Chile Cubu
Pakistan Ethiopia Columbia Denmark
Saudi Arabia Gabon El Salvador Dominiean

Republic
Singapore Ghana Gambia Ecuador
South Africa Guinea-Bissau Guatemala Finland
Syria Haiti Guinea I'rance
Tunisia Lesotho Honduras Germany
United Arab Liberia [ndonesia Greece
Emirates
Yemen Maozambique Kenya Gruvina
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Table AT (continued )

Table B1 (continued )

Cutegory | Cutegory 2 Category 4

{absolule waler

Category 2
(economic

seareity) waler scarcify)
China® INiger Lebanon Hungary
India* Nigeria Madagascar India"
Paraguay Malaysia ltaly
Somalia Mali Jamuaica
Sudan Mauritania Japan
Uganda Maoroceo Mexico
Zaire Myanmar Netherlands
Namibia North Korea
Nepal Norway
New Zealand Panamu
Nicaragua Philippines
Peru Poland
Senepal Partugal
Tanzania Remania
Turkey South Korea
Veneznela Spain
Zambia Sri Lanka
Zimbabwe Surinam
Sweden
Swilzerland
Thailand
UK
Uruguay
USA
Vietnam

Countries that [ace absolute water searcity are recognized as category |
and they will not be able to meet water needs i the year 2023, Countries
that must more than double therr efforts to meet 2023 water needs. but will
not have the financial resources avatlable to develop these water supplies.
face econamic water searcity and are recognized as category 2. Countries
that must increase water development between 25 and 100% lo meet 2023
needs but have financial resources to do so are considered category 3.
Countries thut will have to increase water development modesily overall
on average by only 3% to keep up with the 2025 needs are considered
calegory 4.

*These countries have severe regional water scarcity. A portion ol their
populations (381 million peopie in Chipa in 1990 and 280 million people in
India in 1990) are in Category |. The rest of their populutions are in
Category 4,

Appendix B

Major international and non-governmental organiza-
tions in Mozambique are given in Table Bl

Tabie Bl

C . o :
Mayjor international and non-governmentil organizations in Mozambigue

fitteriational erganizations
The Netherlands Major donor since the late 1970s budget 3.5
million Eure per year

Supported two projects

Muainly focusing on rural water supply,
tratmng. instiutional building and human
resource development, budget SUS3.5
million per vear

Planning rural water supply projects for
Niassa and Nampula provinces

The World Bank
Switzerland

The Africun
Development Bank

The European Union Active with some technical assistance,
wittershed commissions and development

and in 4 future sanitation projeet for Ber:

UNICEF Provide institutional support, participant i1
i rural waler project in Zambezia proving

Cunada Funds a rural water supply project in
Inhambane province, implemented by
Cowater. o Canadian firm

Japan Funds a rural water supply project in
Zambeziu provinee implemented by a

_ Jupanese NGO

NGOs

WaterAid Active in rural Niassa and rural Zambezia
provineces

CARE Active in rural Inhambane province

World Vision Active in rural Nampuld province

Helvetas Active in rural Maputo provinee and Cahe
Delgado

MSF Active in urban Maputo

AusAid Funds World Vision project

Treland Add Active in Niassa province
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Abstract

The wetlands play an important role in carbon storage, especially at high latitudes. at which they store nearly one-third of global soil
earbons. However. few studies have investigated the emissions of CO,. CHy and N»>O in the long-term, especially effects of freeze—thaw
cyeles on these gases emissions in freshwater marsh ccosystems. In this paper. we collected greenhouse gas emission data from a
freshwater marsh area in China for 4 years. evaluated their release variables and speculated on their potential atmospheric impuact. For
this paper, we report on the CO,. CHy and N»O emission rates recorded from June 2002 to November 2005 in the Sanjiang Plam of
northeast China, We measured their interannual variations and fluctuations, as well as [actors affecting their emissions, and cstimated
their regulation and lrecze—thaw cyele impacts. Our results revealed obvious CO, and CHy emission fuctuations during the winter
months. and during the freeze-thaw cycle. and a strong interannual variation during the growing season, Overall. we documented a close
relationship between the COs and CIHy emissions, implicating some regulatory commonality. We determined that the marsh was a N-O
sink during the winter. but a significant source of N.O during the freeze thaw cyele as the temperature increased, especially in carly
summer. During the thaw—Ireeze period, the N+O levels were positively correlated with the water depth. Additionally, water depth greatly

governed the interannual variation of the N2O emissions from the marshes during the thaw frecze period.

@ 2007 Elsevier Ld. All rights reserved.

Keywords: CO4 emission: CHy emission: NaO emission: Freeze—thaw period: Interannual variation; Northeast china: Winter

1. Introduction

The wetlands play an important role in curbon storage.
especially at high latitudes. at which they store nearly one-
third of global soil carbons (Gorham, 1991). The carbon
halance of these zones is sensitive to climate changes (Alm
ct al., 1999ab; Baron et al., 2000). According to Brix's
(1990) research, only 13% of the wetland plant’s net-
assimilated carbon atoms are released to the atmosphere.
which indicates that the wetland ecosystem can contribute
to high C'O, concentrations by acting as a carbon sink.

Wellands, on the other hand, are among the primary
sources of atm.ospher}c CH,, of which 110-1012g are from
the anoxic decomposition ol organic matter in natural

*Corresponding author. Tel.: +8043185342204; fax: + 8043185542298,
F-mtif aededresy: songeeianeigae.ac.cn (O Song).

0301-4797/% - see front matter © 2007 Elsevier Lid. All rights reserved.
doi 101016/ jenvman 2007.02.030

wetlands each year. This accounts lor 15-30%, ol the total
annual CH, emissions (Cicerone and Oremdand. 198E:
Barklett and Harriss, 1993), 50-60% of which come from
high-latitude peatland areas. Over the pust several centuries.
atmospheric CO» and CHy concentrations have increased
rapidly (Houghton, 1995), Fluctuations in CQ» levels
directly influence plant production and the overall vegeta-
tion community structure. Moreover, these fluxes impact the
evolution and carbon cycling in these and other ecosystems.

N-O may reach the siratosphere by transport and
diffusion. which in turn, may hasten the destruction of
the stratospheric ozone layer. However. few direct mea-
surements of winter N-O fluxes have been obtained from
the wetlands. Martikainen et al. (1993) reported N-rich
northern peatlands drained for forestry can be sourees of N
oxides. Nykdnen et al. (1993) reported that N2O emissions
peaked in the grassland areas during the onset ol winter,
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and during the spring thaw. while Alm et al. (1999ab)
reported that winter N-O fluxes were negligible at all virgin
sites and drained bogs, but that the emissions on efficiently
drained fens were 27-28% of their annual emission rates.
respectively. The estimates of N,O emission concentrations
are ambiguons at best, indicating that more studies are
required.

The seasonal freeze-thaw cyele is an important meteor-
ological event i boreal areas. The emission of greenhouse
gases during (recze thaw periods probably results in
altered atmospheric chemistry. The transfer and transfor-
mation of the soil nutrients greatly impact the carbon
balance in these areas during this period. when the
emission of CO; is about 3-30% that for the entire year
(Laflcur ¢t al.. 2001; Wickland et al.. 2001). In the boreal
areas, the freeze-thaw fHuctuations are the main emission
control factors. as they may increase (he intensity of
microorganism respiration and concentrations of available
nutrients (Muller et al., 2002). The N-O emission rate
increases concurrently (Schimel and Clein, 1996). The
freeze-thaw cycle in these regions also has a significant
impact on the biology-terrestrial global chemistry cycle
patterning (Grogan et al., 2004). Dise (1993) studied CHy
emissions in different wetland types. and discovered that
during the winler months the emission levels were roughly
4-21% of the annual emissions. Jin et al. (1999) studied
CH, release in the Tibelan Plateau wetland. and measured
high CH4 concentrations during the spring freeze—thaw
period. Until now, Melloh and Crill (1996) had recorded
the Tongest observation of CH, emission. which was in
New Hampshire over a period of 5 years. They found that
the Cl1; emission rate was roughly 2-9.2% that of the
entire year. However. few studies have investigated the
clfect of frecze thaw cycles on CO,; CHy and N.O
emisgions in freshwater ecosystems.

Overall. these greenhouse gas emission studies were
mainly conducted indoors under highly controlled condi-
tions. Long-term reports regarding the measurements of
COs. CHy and N-O emissions during this time were spare.
Thus, there is no reliable, sufficient or accurate field data
for CO.. CH, and N.O emission measurements. The
Sanjiang Plain is the largest (reshwater marsh in China,
and belongs to the frecze-thaw area. Gas cmission
ohgervations have been conducted at Sanjiang for more
than 3 years. Objectives of this study were to understand
the regulation of CO,. CHy and N>O emissions over a
long-term period. to investigate the main factors affecting
interannual variations in CO,. CHy and N-O emissions,
and to comprehend how the freeze-thaw cycle impacts
greenhouse gas release rom [reshwater marshes.

2. Materials and methods
2., Se‘.ﬂu'{i' Site

We selected the Carex Lasiocarpa [reshwater marsh
study site to meagure greenhouse gas emissions. We set up

our study area at the Sanjiang Mire Wetland Experimental
Station, Chinese Academy of Science, in the Sanjiang Plain
of China. at approximately 47°35'N. 133 31'E, The average
altitude at Carex Lasiocarpa is between 554 and 57.9m,
the annual mean temperature is 1.9 C and the non-lTost
period is 125 days (Song et al., 2003). The study site is in a
seasonal [rozen zone (Song et al.. 2003), with annual
precipitation between 3350 and 600mm, concentrated in
July and August. a period that accounts for more than
63% of the annual precipilation. The soll characteristics at
Carex Lasiocarpa have been described in detail by Ding
et al. (2002) and Song et al. (2003).

We placed the thermometers. with soil measurement
sensitivities of £0.1 °C, at depths of 5. 10, 20, 30. 50, 70.
100, 120 and 150 cm. The DTS00 data logger measures Lhe
thermometer readings every hour, and provides the output
in a format that is the same as that of the meteorological
factor data.

2.2. Data sampling and analysis

We measured gas emissions in triplicate. The static
chamber method was adopted to measure the concentra-
tions of €O, CHy and N-O levels. The chamber
(50 em % 530cm = 50cm) and its collar were made from
stainless-steel (Song et al.. 2003). During our observations.
the chamber was placed into the collar with water Lo
prevent leakage. and the vegetation was included within the
chamber. In order to maintain a consistent lemperature
within the chamber. we wrapped the cylinder with a quilt.
Inside the chamber, a small fan that was used to stir the air,
and a thermometer sensor and a trinal-venthole were
installed, The sampling time was 30 min, and samples were
collected with an injector with a 60ml capacity, once in
every 10 min.

The CH., CO, and N,O emissions were measured with
gas chromatography (Agilent 4890) equipped with FID
and ECD. The CH, was separated [rom the other gases
with a 2 m stainless-steel column, with an inner diameter of
2-mm  [3XMS column (60/80 mesh). The CO. was
separated with a 2 m stainless-steel column with an inner
diameter of 2mm Porapak Q (60/R0 mesh). For measuring
CH. and COs. the FID operates at 200 °C using high-pure
nilrogen as a carrier gas, al a flow rate of 30 ml/min. The
N-O portion was separated using a |m stainless-steel
column with an inner diameter 2mm Porapak Q (30/100
mesh), and was measured using the ECD, which was set at
330°C. The ECD used high-pure nitrogen as a carrier gas.
at a flow rate of 35 ml/min. The column temperaturcs were
maintained at 55 'C for all separations.

The gas flux was calculated according to the lollowing
equation:

_deM P T,
= dr l'/ll Pﬂ T y

where the de/dr is the slope of the gas concentralion curve
variation, along with time. M is the mole mass of each gas.
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£ is the atmospheric pressure in the sampling site. 7' is the
absolute temperature during sampling. V. T}, Py are the
gas mole volume. air absolute temperate and atmospheric
pressure under standard conditions. respectively. H is the
height of chamber above the water surface.

The data in this study were collected over 3 vears, from
June 2002 to September 2005. In the winter months
(November—March. next year). we collected measurements
in triplicate once every 2 weeks. However, during a large
flux freeze-thaw HAuctuation period (April-June). we
collected emission measurements once daily. During the
growing season (July—October). the CHy flux was measured

twice weekly., When the determination coefficient of

regression R” is larger than 0.95. the data is available. In
order Lo maintain pristine site conditions. @ trestle was set
up near the study location. In all. we measured CO.., CHy,
N-O emissions, and air and soil temperatures.

2.3 Statistics

Statistical analysis was done with SPSS and Microsoft
Excel for Windows 2000. The normality of variables
wa$ checked using K=S Test. SPSS. The results showed
that the distribution pattern of CO,. CHy, NaO emissions
were all normal distribution (P<0.05. 0.01, and 0.01,
respectively). Hence parametric tests were performed. One-
way ANOVA was used to test lor significance. The
Spearman Correlation was performed to analyse correla-
tions between gascous fuxes and environmental para-
meters. Figures were drawn using Microsoft excel and
Origin 7.5 software. In all analysis where P<0.05, the
compare and correlate tests were considered statistically
significant.

3. Results and discussion

3.1, Seasonal variation of freeze—thaw characteristics in
Sreshwater marshes

The deepest [reezed soil appeared in January and
February: then surface snow and ice began 1o thaw at
13:00-14:30 each day at the end of March. In April. surface
of soil thawed with the increasing temperature. and it

completely thaws up in July. The same pattern of

[reeze—thaw in this area occurred every year with little
difference (Fig. ). Seasonal freeze thaw is an important
event in northern China. and it impacts the evolution
process ol different ccosystem, controls the soil develop-
ment, and affects the chemistry process of mass and energy
cycle in the global ecosystem.

3.2 Temperature and precipitation

The soil temperatures at the study site were measured at
a4 depth of 3em (Fig. 2). The graphic shown in Fig. 2
illustrates that the soil temperature increased dramatically.
immediately following the snow—thaw period. The thawed

a Date (M-D)

10-22  11-11 12-1 12-21 1-10 1-30 2-19
0—— T

=10 L]
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= 8= 70022003

201 )
.30 -
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504
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2100
b Date (M-D)

3-16 4-5 4-25  5-15 6-4 6-24 7-14
o

Freezing Depth (cm)

—=—2002

=301 — o= 2003

40 -
-50 -
60 4
704
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Fig. L. (a) The seasonal freezing and thawing curve ol the freshwater
marsh soil is the freezing curve through soil prolile from November to

Mirch of next year, (b) The thawing curve through soil profile (rom the
end of March-luly,

Freezing Depth (cm)

depth reached Scm by mid-April. at which time the soil
temperature rapidly increased and reached its peak in
mid-July. From April to mid-fuly. the temperaire
increased by roughly 30 "C. After the temperature peaked.
it decreased again at the end of September. By ecarly
November. the topsoil was frozen. and was up 1o its
maximum depth by the following February. There were no
significant differences in the soil temperatures among the 3
years (P>0.03).

Likewise, there were no significant precipitation differ-
ences across the d-yvear study period. including during the
growing season (2> 0.05; Fig. 2). However, the precipita-
tion in winter (November-March) of 2004 was higher than
that measured in 2002, 2003 and 2005 (P<<0.0001).

There were significant differences in water depth during
the freeze—thaw period (April-June) across 2003, 2004
and 2005 (P<0.05Fig. 3), but no obvious waler depth
differences from July to October across 2002, 2003, 2004
and 2005 (P>0.05; Fig. 3).
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Fig. 2. Soil lemperature at Som below the ground surface (a) and monthly precipitation (b) from 2002 to 2005 in the study site.

3.3. The characteristics of CH, emission from the
[freshvater marsh

There was dan  obvious CHy; emission event
(0.1-2.3mgm~>h~') from the [reshwater marsh in the
winter (Fig. 3). but ne significant CH, emission rate
differences among the winters ol 2002, 2003 and 2004.
The emission of CHy significantly increased during
the freeze—thaw period (April-June). with the peak
gmissions occurring in June (Fig. 3). After the soil thawed
completely, the emigsion ol CHy reduced gradually
4t the end of June. The CHy fQux during the freeze—thaw
period in 2004 was much lower than that in 2003 and
2005, In general, the CHy flux, which was reduced during
the growing season. accounted for roughly 3-3.5% of
the total ycurly CNMSSIONS during winter {(November—
March), and for ahout 23.5-36.9% ol the annual emissions
during the freeze—thaw period (April-June). Dise (1993)
reported that during winter, the CH, emission rate was
about 4-21% of the total annual discharge. Melloh and
Crill (1996) studied the freshwater wetlands in New
Hampshire for § years, and found that in winter. the
CHy discharge (rom the marsh was roughly 2-9.2% that of

the total yearly emission rate. In the winter, the emission
of CHy is observable and important in the Sanjiang Plain.
The lowest temperatures recorded for the surface soil
and the rhizome were approximately —20 and —15 °C.
respectively. Panikov and Dedysh (2000) determined
that at —16 "C, the bacteria were still aclive, and CHy
was emitted at these [reezing conditions. The results
in the Sanjiang Plain were consistent with their lindings.
The CHy emission rate increased obviously during the
thaw—ireeze period. This increase was likely caused by
the activity of the bacteria, and the higher concentrations
of carbon and nitrogen in the soil. The dead bacterial
organisms comprise an important foundation for the
mass production ol greenhouse gases. Moreover, Lhe
effect of a freeze-thaw cycle could accelerate the disin-
tegration and mineralization processes of carbon and
nitrogen and increasc the bacterial activitics at the soil
surface (Fig. 4).

During the thaw-[reeze period thal we investigated, the
CHy flux was negatively correlated with water dcpth
(Fig. 5). At the end of the April. plants budded and grew.
but they were diminutive, and their acrénchyma was
submerged in water. which made it difficult for CHy to
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stons from the marshes during the thaw-freeze period.

be transporied Irom marsh into atmosphere through plant
aerenchyma. bul via the diffusion of air bubbles only. This
situation compromised the transportation of CH, from the
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The CHy emission ux varied widely with the seasons
(Fig. 3), reaching high levels during July. August and
September. which decreased rapidly after this growing

season. The CHy emission flux peaked at the end of

July=August, The maximum monthly mean CHy flux was
162232 mgm “h~ ! in August. The annuval variation of
CH, emissions was significant during the growing season
(£=<0.05). The CHy emission dynamic was closely corre-
lated with soil temperature (below ground 5cem) during the
orowing season (Fig. 4). The temperature affecied the
annua] CHy production and emission rates indirectly, via
plant and microbial activities. However, there were no
significant differences in soil temperature across 2002,
2003, 2004 and 2005 (P =0.05). Therelore, soil temperature
was not the primary factor inducing the interannual
variation of CHy during the growing season. Rather, the
marsh water dcplh wils c|05e|y correlated with (:71'14 Nux
during the growing season in 2003 and 2004 (Fig. 6). The
standing water depth greatly governed the annual variation
of the regional CH, march emissions by altering the
amount of submerged plant litters. In this manner, the
plants provided labile organic carbons for methanogens
and controlled CH, concentrations in porewater (Ding
et al., 2002). However. the relationship between the CHy
fux and water depth during the growing season in 2003
and 2004 and across all 4 years was poor (Fig. 6).

Furthermore. the aboveground plant biomass and waler
depth during the growing season were not significantly
different in 2002. 2003. 2004 and 2005. Therefore. the waler
depth was not the primary factor affecting the interannual
variation of CHy discharge during the growing season. By
examining the data graphed in Fig. 3. we found that higher
water depths during the freeze-thaw period produced
larger CH, fluctuations during the growing season. Ding
(2003) determined thal the concentrations ol acelic acid
and labile organic C (LOC) were the highest in June and
the lowest in July in the same study site. Zhang et al. (2003)
also found high DOC concentrations in May and the
lowest DOC concentrations in July, These high DOC
concentrations likely correlate with the higher water depth
that engulfed the plants in May or June. Therefore, the
interannual variation of CH, marsh emissions i the
growing season mainly resulted from the difference in
water depth during [reeze-thaw period.

3.4. The characteristics of CO> emission in [reshwater
marshes

As with CHy. the CO: emissions varied with the
changing seasons (Fig. 3). The COs secretions were
associated mainly with the air temperature and water
depth. but not with soil temperature. The emission flux
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peaks appeared in July and August, and then decreased
rapidly after October. during the growth cessation period.
The graph displayed in Fig. 7 revealed the close relation-
ship between CO» and CH,y emissions, implying that there
are some common factors controlling the discharge of these
fwo gases. As shown in Fig. 3. water depth during
thaw-freeze period appears to be among the main factors
affecting CO-, and CH,4 emissions during the growing
scason. This parameter may thus influence the strong
correlative relationship depicted in Fig. 7.
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We measured no significant differences im COs emissions
during the winters of 2002, 2003 and 2004 (£>0.03),
Freshwater marshes usually emit CO; during winter either
because CO» is stored by mesophilic microbes during the
warm period, or CO; 1s produced by psychrophilic
microorganisms in the colder months. Panikov and Dedysh
(2000) support the first mechanism. whereby CO» is stored
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in the water during the warm months. and emission
increases rapidly during the freeze—thaw period. partly due
to a sudden release of the ice-encapsulated CO- (Wickland
ct al.. 2001). This release simultaneously stimulates the
activity of bacteria, and increases the concentration of
available nutrients (Brooks et al., 1998; Schimel and Clein.
1996; Elberling and Brandt, 2003). This in turn speeds the
growth of perenmal vegetation. enabling a rapid emission
of CO» (Fig. 3). Similar to CHy, the CO- emissions during
the freeze thaw period in 2004 were much lower than those
measured in 2003 and 2005. During the thaw-Ireeze period,
the CO; (lux was negatively correlated with water
depth (Fig. 5). Hence, water depth greatly governed the
interannual vartation of CO, enussions from the marshes
during this period.

3.3, NaO emission in freshwater marsh

The secretion of N-.O from the soil oceurs during
nitrification and denitrification, and thus is controlled by
the soil temperature and nitrogen availability. During the
winter of 2002 and 2003. we measured a N-O sink in the
Sanjiang Plain. There was no significant difference between
N>O emissions in the winters of 2002 and 2003 (P>0.05).
However. there was an obvious and significant emission of
N>O during the winter ol 2004, Liu et al. (2001) also
determined that the wetland soil absorbed atmospheric
N-O at the same site. In contrast, Nykiinen et al. (1993)
reported that N,O emissions peaked on the grassland
during the onset of winter. and Alm et al. (1999ab)
reported that winter N>OQ Auxes were negligible at all virgin
siles and drained bogs. but that N-O emissions on
elficiently drained lens were 27-28% ol their annual rates.
The mechanisms of winter NoO flux are unclear and
deserve focused research atiention.

During the freeze—thaw period. the marsh was a source
ol N;O as the temperature increased (Fig. 3). especially in
May. The N>O discharge during the freeze-thaw period in
2004 was obviously higher that in 2003. During the
thaw—frecze period, the N,O level was positively correlated
with the water depth (Fig. 5). Moreover. the water depth
greatly governed the interannual variation of N>O emis-
stons from the marshes during this time. N-O production,
primarily through nitrification and denitrification pro-
cesses, may comprise a substantial fraction of the total
nitrogen lost from peatlands (Jacks et al.. 1994), Soil
moisture was an important factors controlling of N-O
emissions (Davidson et al. 2000: Neill et al.. 2005). Neill
et al. (2005) reported that that forest soils did not reach
witler-filled pore space (WFPS) (<30%) sufficient to
climinate nitrification and that pasture soils did reach
WEFPS sulficien! to promote denitrification. Because
pasturc soils were on average water than forest soils,
denitrification was likely a relatively more important
source of NaOQ from pastures than in forests (Neill et al..
2005). According the studies ol recent years. nitrate was
source of N.O during the freeze-thaw period (Kammann

[
A

et al., 1998; Brumme et al.. 1999), which resulted from the
reduced oxygen supply from the soil interspace variations,
the high soil water conlent and the high active concentra-
tions of carbon and nitrogen. The WFPS = 75% (not
publication) and redox potential (Eh) variation between
—100 and —150my in the 3em below ground (Ding et al.,
2004). which was an anaerobic condition in the study site.
High WEFPS eliminated nitrification and promoted deni-
trification in the (reshwater marsh, where N2O production
by denitrification predominated.

The field measurements and indoor experiments all
showed that the activity of the bacteria was a main factor
controlling N>O emission dynamics. Inubushi et al. (2003)
reported that N;O levels were somewhat negatively
correlated with the precipitation events in the tropical
peatlands. The corresponding R* values suggested that the
variation in the soil temperature and water depth could
explain approximately only 35% and 44%. respectively.
This suggested that other [actors also simultaneously
regulated the seasonal N>O emission. Therefore, there
was stochastic variability of the temporal emission pattern
of Ngo

4. Conclusions

We recorded obvious CH; and CQ» emissions {rom the
[reshwater marsh during the winter months. There was
close relationship between the emission rales of CO» and
CHy, implying there were some common factors control-
ling their secretion dynamics, Water depth greatly goy-
erned the interannual variation of the CHy and CO,
emissions during the thaw—{reeze period. The interannual
variation of CHy and CO, emissions from the marshes was
significant during the growing scason (P<0.03). The
interannual variation of the CHy and CO. emissions from
marsh in the growing season mainly resulted from the
difference in water depth during freeze- thaw period. The
[reshwater marsh in Sanjiang Plain of northeast China was
a sink of N>O in winter of 2002 and 2003. However, Lhere
was obvious emission of N>O in winter of 2004. During
freeze—thaw period. it was a source of N.O with the
temperature increasing. especially in May the emission of
N2O inereased obviously. The water depth variable greatly
governed the mterannual variation of N.O emissions from
marshes during thaw—freeze period.
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Abstract

A set of indicators that incorporate environmental, societal. and economic sustainability were developed and used to investigate the
sustainability of different wastewater treatment technologies, for plant capacities of <3 millien gallons per duy (MGD) or 18.9 % 10°
cubic meters (m” /day). The technologies evaluated were mechanical (i.e.. activated sludge with secondary treatment). lagoon (facultative,
anaerobic. and aerobic), and land treatment systems (e.g.. slow rate irrigation, rapid infiltration, and overland flow), The economic
indicators selected were capital, operation and management, and user costs because they determine the economic affordability of 4
particular technology to a community. Environmental indicators include energy use, because it indirectly measures resource utilization,
and performance of the technology in removing conventional wastewater constituents such as biochemical oxyeen demand, ammaonia
nitrogen, phosphorus. and pathogens. These indicators also determine the reuse potential of the treated wastewater. Societal indicators
capture cultural acceptance of the technology through public participation and also measure whether there is improvemenl in the
community from the specific technology through increased job opportunities, better education. or an improved local environment. While
selection of a set of indicators is dependent on the geographic and demographic context of a particular community, the overall results of

this study show that there are varying degrees of sustainability with each treatment technology.
g 3 £)

) 2007 Elsevier Ltd. All rights reserved.

Kevwords: Wastewater treatment; Activated sludge: Lagoon: Land (reatment: Sustainable development: Indicators; Design

1. Introduction

(mprovement in global health and sanitation and
Conscqucnt reduction mm the Spl‘eud of disease dcpends
largely on good hygiene practices. availability of health
facilitics. and reliable collection and treatment ol waste-
water. The World Health Organization (WHO) estimates
that 2.4 billion people lack access to any type of sanitation
equipment (WHO and UN Children’s Fund. 2000).

Wastewater collection systems (i.e.. sewer networks) and
centralized and decentralized (reatment systems are de-
signed and managed primarily to protect human and
environmental health. Though their benefits are widely
recognized. there are other aspects of this infrastructure
and associated technologies that are not so obvious and
henee less acknowledged, vet they impact communities and
the surrounding environment. For example a positive

1 906487 2324; fux: + 1906487 2043,
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'*C‘arrc:-:pm'ul}ng author, Tel.:
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aspect ol the sewer network is the collection and transport
of wastewater to appropriate treatment facilities, whereby
pathogens and chemical constituents such as oxyeen-
depleting organic matter and phosphoerus are removed
before the treated water is returned to the environment. A
negative aspect of such a network is that it can creale an
imbalance in water and nutrient fluxes and therefore distort
natural hydrological and ecological regimes. For instance
the discharge of large volumes of treated wastewater that
contains low concentrations ol chemical constituents may
still lead to an excessive input of nulrients in a receiving
water body. thus, leading Lo a water quality problem.
Transport of water and wastewater across watershed
boundaries not only increases the embodied energy of a
material and requires extensive infrastructure needs. but it
may also result in adverse changes in an ccosystem’s
hydrology. In addition. treatment facilities, while they treat
wastewater to a quality deemed safe for discharge. also
consume considerable energy during their operational life.
and consequently contribute to atmospheric carbon
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dioxide emissions. These impacts. whether positive or
negative, greatly affect local and global sustainability, be it
in the construction, operation, or dismantling life stage and
hence deserve discussion. In an era where there is growing
concern of the local and global impact of our current
environmental management strategies. and the need to
reduce sanitation problems, disease. and poverty, there is a
greater need to develop more environmentally responsible.
appropriate  wastewater (reatment technologies whose
performance is balanced by environmental. economic.
and societal Susluinilbilh‘}'.

While there is no consensus on the definition of
sustainability. what is clear is that it strives for the
maintenance of economic well being, protection of the
environment and prudent use of natural resources, and
cquitable social progress which recognizes the just needs of
all individuals, communities. and the environment.
Furthermore, il recognizes the need to design human and
industrial systems that ensure humankind’s use of natural
resources and cycles do not lead to diminished quality of
life due to either losses in future economic oppertunities or
adverse impacts on social conditions, human health and
the environment (Miheleic et al.. 2003).

Although collection systems are important to overall
wastewater management, this study is limited to waste-
water treatment. Thus in light of the main aspects of
sustainability. questions that deserve further analysis are
how selection of a particular wastewater treatment
lechnology affects overall sustainability and are there
certain aspects of a particular treatment technology that
makes it more balanced in terms of economic. environ-
mental, and social sustainability?

Sustainability of wastewater treatment systems can be
assessed through different assessment tools such exergy
analysis, economic analysis. and life cycle assessment
(LCA). For this study. the use of a balanced set of
indicators thal provides a holistic assessment was chosen
for evaluating the sustainability of the different wastewater
treatment technologies. These wastewater treatment tech-
nologies include mechanical systems, lagoons systems. and
land treatment systems. Mechanical systems such as
aclivated sludge utilize physical. chemical and biological
mechanisms to remove nutrients, pathogens. melals and
other loxic compounds. Lagoon systems primarily use
physical and biological processes to reat wastewater, while
land treatment systems utilize soil and plants, without
significant need for reactors and operational labor, energy,
and chemicals (Metcalf and Eddy, 2003),

Selection of a particular set of indicators may vary from
community to community depending on geography,
culture. and population served. Several lists of sustain-
ability indicators have been proposed o assess wastewater
management and wastewaler treatment technologies (Nils-
son and Bergstrom. [995: Balkema, 1998: Lundin et al.,
1999; Balkema ct al., 2002). These studies use a compre-
hensive. multi-diseiplinary set of indicators; however. they
have focused on evaluating one treatment technology and

have not compared different treatment technologies as
proposed in this study. [urthermore, these studies were
one dimensional i terms ol evaluating sustainability
because they only evaluated environmental stressors. Other
studies measuring environmental and/or economic issues
associated with wastewater treatment (Emmerson el al.
1995: Nilsson and Bergstrom, 1995; Hwang and Hanaki,
2000: Tsagarakis et al., 2002; Dixon et al.. 2003) do not
address societal issues: thus, they do not fully capture the
overall sustaimnability that should be inclusive of a balance
ol economic. environmental and social considerations.
Selection ol a particular wastewaler treatment technology
should net be based primarily on technical insight, but should
also integrate the human and environmental activities that
swround it. Accordingly, this paper initiates a discussion on
this topic by first developing a set of indicators and then
evaluating the environmental. economic, and societal impacts
of three different wastewalter treatment technologies that treat
less than 5 million gallons per day (MGD) (18.9 » 108 md).
We acknowledge that the selection of indicators and
evaluation of particular technologies in this paper is
dependent on the geographic and demographic particulars
of @ community. Here, the results pertain 0 small
communities (< 5 MGD or 18.9 x 10°m?®) who wish to
integrate the selection of 4n economically and environ-
mental viable wastewater treatment technology with social
attributes such as workforce education level, employment,
and open space; while also being concerned with localized
warming from a built up infrastructure. The delicate
balance associated with these attributes differs by commu-
nity, region, and country. For example, higher luber costs
may prohibit employment of additional workforce at a
treatment plant and urban heat island stresses may not
impact communities located in colder regions. Further-
more. this paper does not advocale analyzing a treatment
technology only through use of sustainability indicators.
Other tools such as LCA exist and can be utilized. This
paper merely attempts to initiate a discussion on how (o
address a more integrated cvaluation of the overall
sustainability of wastewaler treatment technologies.

2. Methodology

There currently exists a plethora of different frameworks
to select sustainabihity indicators. Commonly used frame-
works include those developed by the Oreanization for
Economic Co-Operation und Development (OECD, 1998)
and the United Nations Commission on Suvstainable
Development (UNCSD. 1996). However. some problems
associated with selection and application of indicators
exist, for example. indicators produced by one group may
not be applicable to another, thus they may not be widely
implemented. Geographical diversity of urban, rural and
peri-urban arcas may mean that an indicator appropriatc
Lo one locality may be inappropriate te another (Mitchell.
1996). Other reasons include difficulty of data availability
(Bell and Morse. 2004: Mitchell. 1996). the numerous
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methodologies available for dernving sets of sustainability
indicators (Bell and Morse, 2004) and lack of consensus
among peers regarding the definition of sustainability and
indicators (Spangenberg, 2002).

In any case an indicator should refer to specific targets
chosen. be ahle to indicate the success or lack of it in
approaching them, and be sensitive and robust in their
construction. Indicators should also be casy to fathom and
be Hmited in number (UNDPCSD. [995). Moreover.
indicators should be linked to a targel or goal that is
ecologically sustainable (Meadows. 1998) and be able to
“stand the test of time.”

The first step in this process was deciding on a suilable
freatment plant capacity, over which all three different
types of technologies exist. In determining the most
appropriate plant capacity to perform this study. 16.255
US wastewater treatment plants were reviewed (U.S. EPA,
20044). Over 80% of cxisting plants have a capacity less
than 5 MGD (18.9 x 10° m?) and this was the size range
selected for this study.

The set of indicators selected were based on: (1) the
relevancy of the indicators to different wastewater treal-
ment technologies, and (2) their ability to indicate progress
towards balanced sustainability or away from it, that is
equal inclusion of economic. environmental and social
aspects. The United Nations Department of Policy Co-
ordination and Sustainable Development’s criteria
(UNDPCSD. 19935) were used to select the most appro-
priate indicators. Indicators in general should be (i) based
on a sound scientific basis and widely acknowledged by
scientific community; (i) transparent, ¢.g., their selection
calenlation and meaning must be obvious even to non-
experts: (iii) relevant, c.g.. they must cover crucial aspects
of sustainable development: (iv) quantifiable, e.g.. they
should be based on existing data and/or data that is easy 1o
gather and o update; and, (v) limited in number according
to their purposes they are being used lor (UNDPCSD.
1005),

From the above criteria a set indicators useful for
evaluating wastewater treatment technologies were se-
lected. They are presented in Table 1 along with their unit
of measure. These indicators measure the economic,
environmental and social sustainability of the treatment
syetem: however. readers should understand that the
selection and interpretation of these indicators is context
specific and based on opinions of the authors. Data related
to each indicator were then obtained from sources that
included government, professional societies, und academic
textbooks.

A final consideration is the life stage over which the
indicators arc applicd. The operational life stage ol
wastewater treatment was chosen for this study, primarily
hecause ol its length ol time relative to the other life stages
and its environmental impacts are believed to be greater
than those during construction and end-of-life stages
(Emmerson et al.. 1993). For example, the operational
stage has the highest energy consumption (95%) compared

Tuble 1
Set of indicators developed in this study for assessing sustamnability of
wastewater treatment technologies

Indicator Unit of measure
Eeonomic
Capital costs $GPD
Operation and management $MGD

User cost Smonth
Environmental
Energy use
Biochemical oxyeen demand (BOD)
Total suspended solids (T85)
Nitrogen (NHz)

kWh/MGD (kWh/m')
o Remowal
% Removal
Y Removal

Phosphorus o Removal
p

Pathogens % Renoval
Societal

Public participation {in selecting Qualitative measure
treatment technology)
Community size served

Agsthetics

Population MG
Measured leve!l of nuisance
from odor

Staft/MGD

Operational requireinents
(aperator license)

Acre/ MGD

Staffing required o operate plant
Level of educution

Open space availability

Selection and interpretation of indicators will be based on the geographic
and demographic context ol a particular setting

to construction and refurbishment/demolition stages (Em-
merson et al.. 1995). This 1s significant because energy
production and its use are associaled with a large number
of environmental problems including release of airborne
pollutants associated with global warming and acidifica-
tion. Moreover. environmental impacts from the consiruc-
tion stage account for only 5% of the total environmental
impact (Emmerson et al.. 1993).

3. Results and discussion
3.1. Economic sustainability

3.1.1. Capital costs

Fig. la shows comparable capital costs for the different
wastewaler treatment technologies. These costs are based
on a gallon per day (GPD) or cubic meters per day (m?/
day) of wastewater treated. Due to unavailability of data
for higher capacities (re., 1= MGD) (3.8 x 10%=
18.9 x 10% m?), data were only available for plant capacities
ranging from 0.1-1 MGD (3.8 x 10°=3.8 x 10°m?).
Fig. la shows there is significant difference (510.50/GPD
versus $4/GPD) ($2770/m? per day versus $1060/m? per
day) in capital construction costs between a more costly
mechanical and less costly lagoon system at the higher
expected range. AL the lower range of cost. there is a much
smaller difference ($3/GPD versus $1/GPD) ($790/m" per
day versus $260/m’ per day) between both technologies
(UNEP, 1997); however. mechanical systems are still more
expensive.
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Fig. 1. {ay Comparative capital cost for the different wastewaler lreatmen|
technologies. Plant size is 0.1-1.0 MGD (3.8 % [0°=3.8 < 10° m?/day)
(UNEP. 1997). (b) Comparative operdtions and management cost for the
different wastewater treatment technologies, Plant size 15 0.1-1.0 MGD
(3.8 2 1P —3.8 » 10° m? /day} (UNEP, 1997},

3.1.2. Operation and management

Operating and maintenance costs associated with waste-
water treatment inelude labor, energy, and purchase of
chemicals and replacement equipment. Fig. 1b shows this
cost for mechanical treatment 18 approximately 4-5.5 times
higher than a lagoon system and 4-6.5 times greater than a
land treatment system. This can be attributed to more
highly mechanized equipment and complex processes that
require considerable energy inpuls.

3.1.3. User costs

Wastewater treatment costs are usually dependent upon
the type of treatment technology. its efficiency, and the
discharge option used. Another factor is the population
size served. About 70% of the US population is serviced by
secondary or greater treatment level (U.S. EPA. 2004a). A
majority of this population reside in urban areas.

The cost of wastewater treatment [or a resident of a
smaller population serviced by a treatment plant capacity
of <98 MGD (<37x10°m?). is much higher
(50.10-81.24) then a resident of a larger populdtion
serviced by a larger plant capacity (> 187 MGD) (> 708 x
107 m?) using similar treatment systems (Raftelis Fiancial
Consulting., 2004). even when normalized on a per capita

basis. These costs can translate to affordability problems of
residents in smaller communities. especially low-income
residents (income of $15.000 per annum). which may be
evident through late or nonpayment of bills, disconnect
notices, and service terminations,

Affordability problems are more pronounced in devel-
oping countries with expanding economics, where the
average annual household income is well helow US§200,
and the cost for conventional treatment (mechanical
systems) may range [rom US$300-1000. Cost-clTective
treatment technologies such as lagoon and land treatment
systems have the potential to reduce these costs by at least
one-hall (reduced costs to the order of USS100 per
household) (Helmer and Hespanbol. 1997). These alter-
natives are beneflicial in terms of money saved that could be
spent elsewhere, for example on health care, education, or
other environmental initiatives. As for developing coun-
tries. this monetary savings could be spent on improve-
ments in the water supply with further benefits of reduced
illnesses. and hence cost savings in health care and
enhanced economic activity (WHO. 2005).

3.2, Environmental .m.\'rcu'uabffff'l'

3.2.1. Energy ise

A majorily of operation and maintenance costs may be
attributed to energy consumption during aeration and
pumping of water and solids. Fig. 2 shows the energy
requirements of a combination of various wastewater
treatment technologies, excluding the use of methane gas
from digesters as an energy source. The data clearly show
that activated sludge requires more energy than either
lagoon or land treatment systems. Aeration of lagoon
systems may increase energy use considerably, by 3 times
for a 0.1 MGD (3.8 x 10°m?®) plant capacity, and S times
fora S MGD (18.9 x 10" m?) plant capacity (Middlebrooks
and Middlebrooks. 1979).

Mechanical
1
LBQDOI'! 4k L= BN o K] |
[<ERTEY I
i 1'D's:y.me0 |
Terrestnal 4 |
; ! : |
0 20 40 B0 B0 100 120 140 160 160 200 220 240

10'KWhMGD

Fig. 2. Towl epergy requirements for vanous sizes and ypes of
wastewater treatment plants located i the intermountan aress of the
US, Total electricity requirements measured in kKWH/MGP at various Row
rates (Middlebrooks and Middlebrooks, 1979),
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Some activated sludge sysiems may have lower energy
consumption because of internal encrgy combustion of
methane gas produced in-house, particularly from anaero-
bic digestion, In future studies, energy production related
to waste management could be included as an attribute of a
sustainable technology.

Energy use is olten associated with global environmental
problems such as carbon dioxide emissions. For example,
an activated sludge system serving a population of 1000
people (<1 MGD or <38 x 10" m?) has the potential to
produce up (o 140010n of carbon dioxide lor operation
and 50ton of carbon dioxide for mainienance over a 15-
year life (Emmerson et al., 1995).

Various opportunitics exist in reducing energy use and
assoctated impacts. These include the type of wastewaler
treatment technology selected: use of recycled materials for
construction: eorrect sizing and rating of equipment for
operation, especially for pumping requirements: and reuse
ol waste aggregate from demolition. Plant design can also
more carefully incorporate issues of energy conservation
and as mentioned previously, use of in-house methane
production may reduce external energy needs,

There are also energy issues associated with materials
that go inte a treatment technology. For example, concrete
1s the primary component in many mechanical treatment
systems und huas embodied energy estimated between 70
and 6000MJI/Mg (Horvath and Hendrickson, [1998).
Building-related demolition debris is estimated at around
65 million tons annually in the United States (Franklin
Associates. 1998). Two thirds ol it by weight and about one
hall by volume 1s cement-based concrete (Wilson. 1993).
Although mechanical treatment syslems use more conerete
than lagoon and land treatment systems they can reduce
their overall environmental impact if designers consider
recovery and reuse of any waste aggregate during the end-
of-lifec stage.

322

Removal of water quality constituents

The conventional water quality constituents associated
with waslewater freatment are: BOD, TSS. phosphorus,
nitrogen and fecal coliforms. There are some major
differences in removal efficiencies ol each treatment
technology. Mechanical treatment has high removal
efficiency of BOD (90-95%). TSS (90-95%). and fecal
coliforms (92-99.99%) but has low removal cfficiency ol
phosphorus (10-20%) and total nitrogen (15-25%).
Lagoon treatment has comparable high removal efficiency
of TSS (00 05%), and fecal coliforms (90-99.90%) but has
medium 1o high removal efficiency of BOD (75-95"%), and
[ow o medium removal cfficiency of phosphorus (10-30% )
and total nitrogen (10-60%). A land treatment system has
a guaranteed high removal efficiency of fecal coliforms
(90-92.90%) but has varying efficiencies for the other
constituents. It has medium 1o high removal efficiency for
BOD (67-100%), TSS (38-99%), and low to high removal
efficiency of phosphorus (40-09%) and total nilrogen
(38-93%) (LL.S. EPA. 1975 Gilbert. 1976: Leach et al.,

1980; U.S. EPA. 1981, 1982: Pettygrove and Asano, 084,
Hannah et-al.. 1986; Reed. 1991; Reed el al., 1995; UNEP.
1997: Crites et al.. 2000; U.S. EPA. 2002; Metcalf and
Eddy. 2003). These effluent qualities ultimalely determine if
further treatment is required. what type of discharge
options can be used and most importantly their potential
for reuse.

Removal efficiencies for a lagoon are dependent on
whether the lagoon is operaling aerobically or faculla-
tively, Aerobic lagoons have detention times of 3-10 days
and facultative lagoons. 5-30 days (Reed et al.. 1995).
While both have high removal efficiencies, the longer
detention time of facultative lagoons often leads to higher
removal efficiencies ol such constituents as nitrogen and
pathogens (WEF. 1992), Furthermore, comparison of
synthetic organic compound removal in facultative and
aerobic lagoons show that a facultative lagoon is capable
of removing between 77 and 96% (average of 86%).
whereas as an aerobic lagoon can remove between 61 and
80% (average 68%) of the same organic compounds
(WEF, 1992). Careful design of a facultative lagoon can
reduce the detention time to 10-15 days, while still
achieving high removal of pathogens (Oakley. 2003).
Properly designed lagoon systems have the capability ol
removal efficiencies comparable to mechanical systems.

In terms of heavy metal removal. mechanical systems
have a comparative removal performance (24-82%) to a
lagoon system (32-79%) (Hannah et al.. 1986). No data
were obtained on metal removal for land treatment
systems. In terms ol volatile organic chemical removal.
the land treatment system had a high remowval efficiency ol
82-99.99%,, while the mechanical system had removal
efficiency of 74-94%. and the lagoon system 60-80%
(Crites et al.. 2000).

Fate and removal of hazardous and toxic compounds is
a generally accepted challenge in wastewater treatment and
indicators that carry information on emissions or flows of
these compounds are often recommended (c.g., Lundin et
al.. 1999; Malmqvist and Pamlquist, 2005; Palme et al..
2005). I wastewater treatment is Lo be sustainable in the
long-term, better waste manugement strategies may have to
be developed that integrate local economic activity,
elimimate the use and improper disposal of houscheld
hazardous waste, and partner with health providers that
prescribe pharmaceutical chemicals. The use of barriers al
various points in waslewater treatment systems-can have a
tremendous impact in managing hazardous substances.
For example. the decision Lo design a wastewater lreatment
system with either a combined or separated system
(systems that combine gray black water versus syslems
that separate gray black water at the source. usually in the
houses). has the potential to reduce cadmium nputs by
114g per vear (combined sysltem) and 40g per vear
(separated system) (Malmgvist and Pamlquist, 2005).

Furthermore, removal efficiencies of pathogens. heavy
metals. and other toxic compounds have major implications
on water reuse schemes. The specific type ol wastewater
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reuse initiatives ultimately defines the quality of wastewater
required and the subsequent treatment processes needed to
achieve thie quality. In the US, these reuse schemes such as
agricultural irrigation are guided by EPA guideling criteria
for wastewater reuse (U.S. EPA. 2005a), which include the
control of conventional parameters such as BOD. turbidity.
coliforms, pH and residual chlorine, in order to protect
public and the environmental health. The WHO has set
other guidelines specifically for pathogen control (WHO.

1989). All three systems evaluated have the capability of

producing effluent quality within the suggested EPA and
WHO guidelines for reuse.

3.3 Societal sustainability

3.3.1. Public participation

Public participation is often a neglected aspect when
selecting the most appropriate wastewater treatment
technology for a particular community. While some
regulations designate a specific technology through a “best
lechnology™ process, the perceptions and preferences of the
public for the selection and implementation of a particular
technology is important il technology is to be integrated
wilh local and broader sustainability concerns. In the US
community, participation 15 embedded in the regulatory
process through requirements of public hearmgs and it
does not appear that a particular treatment technology has
an advantage to encourage more community participation
in the decision making process. We acknowledge this is a
difficult indicator to quantify. Palme et al. (2005) suggest a
more measurable indicator as percentage (%) of users that
are “aware and responsible™.

The elements considered important in selecting a
sustainable treatment system will vary [rom community
and region because of geographical and demographical
realities specific to a locality. In any case, the elements
currently used in wastewater treatment selection are usually
performance and alffordability. In developed countries a
wastewater treatment plant’s efficiency. reliability, sludge
disposal and land requirements are considered critical aover
affordability (Sperling. 1996). Hence there is a tendency to
mechanical systems over alternative treatment
systems. In developing countries, affordability and the
appropriateness of the technology is considered critical.
Thus these countries often seleet simple, cost-elfective
appropriate lechnology. over more mechanized lechnology
(Sperling, 1996). Selecting a sophisticated treatment system
for a community with low-income [amilies may place
undue financial hardship on them.

select

3.3.2. Community size served

The size of a community can dictate the type ol
reatment system selected. its capacity. and hence its
sustainability. Increase in population often means a larger
plant capaeity is required. Mechanical and lagoon systems
are more capable of servicing a larger population than land
treatment systems. However. mechanical systems are often

chosen over lagoon systems Lo service these populations, A
deciding factor in choosing mechameal systems that serve
large populations, especially in urban arcas is the land
requirement or open space availability.

But how does community size relate to the sustainability
of a technology that 1s selected for a particular community?
Greater municipal pollution loadings are associated with
urban areas because of their large material inputs and
outputs compared to smaller communities, This may create
a burden on the surrounding environment to which
dissolved and solid residuals are returned because the
surrounding has limits on how much pollutant loading it
can accept. Accordingly, if wastewater systems are to be
sustainable, then considerations of material balances,
particularly water and chemical fluxes, are required to
maintain a proper balance ol nutrients in the environment:
avoiding the accumulation of pollutants in one gcosystem
or deficieney of nutrients in another.

3.3.3. Nuisance from odor

Wastewater treatment facilities, regardless ol how well
designed. at one fime or another mayv generate odor 4s by-
products of the wastewater collection and treatment
process. The presence of odor in any wastewater treatment
facility is typically an aesthetic problem that usually evokes
public intervention and sometime regulalory agency
involvement. All the treatment systems have the potential
to produce odorous emissions.

Land treatment systems have the lowest odor potential
than mechanical and lagoon systems. due to pre-treatment
of the wastewater before land application. Odor problems
may also arise, if' large solids and algae have nol been
removed prior to land treatment. Principle odor problems
typically occur at pumping stations. inlet and outlet piping,
and manholes if any are present. Odors from lagoon
systems may also be due to overloading or excessive surface
scum  that has been allowed (o accumulate. Sludge
accumulation from lagoon systems may also contribute
to the problem. however this should not be the case. as
sludge builds up slowly over a period of 10-15 years and
removal 1s required at end of this period (U.S. EPA, 2002).

Table 2 indicates that mechanical sysiems have a greater
potential for odor problems than lagoon systems, Common
locations in these facilities from which odors are released
include preliminary and primary treatment, sludge proces-
sing Facilities. and sludge disposal. Of these locations.
severe odor problems can oceur at the headworks facilities
(wet wells, screening facilitics, and grit chambers), and
more recently, sludge storage. thickening. stabilization, and
dewatering (acilities. Industrial waste discharged o these
mechanical systems can also generate significant odorous
emissions, some of which, if emitted at high concentrations.
pose serious health and safety risk to plant persenncl
(WEF, 1992). Table 2 shows other unit processes that have
odor potential, Odors from sludge conditioning, (ransport,
and disposal are a common problem. Scum and foam
buildup, filamentous growth and solids settleability also
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Tahle 2
Odor potential for typical unit processes m a wastewater treatment plant

Unit processes Odor potential

Treatment plant

Primury clurifiers High
Trickling filters High
Aeration Low
Lugoons Maoderate

Low/ Moderate
Law/Moderitie

lerrestrial
Secondary clarifiers

Sludge handling
Thickening/Holding High
Aerabic digestion Moderate
Sludge storage buging Moderate/High
LIewatering High

Seowree: WEI, 1002,

contribute o the problem. Overall, mechanical systems
appear to have the greatest odor potential, followed by
lagoon systems, and land treatment systems.

3.3.4. Staffing required to maintain infrastructure

Table 3 indicates the number ol stall required to operate
and maintain a wastewater facility based on plant capacity.
An average stall’ of 4 is required to maintain a plant
sapacity below | MGD (3.8 x 107 m?), while an average
stall of 8.4 and 18 is required to maintain a 1.1-5 MGD
(42 % 10°-18.9 x 10°m*) and 5-10 MGD (189 x 10°~
37.9 x 10" m?) plant capacity, respectively. Plant capacities
=100 MGD (>378.5 x 10° m®) require the most staff with
an average staffing ol 315 (WEF, 1992). This indicates that
smaller plants serviced by lagoon, land (reatment and some
mechanical technologies require the least number of staff
to maintain, and that large plants served predominately by
mechanical systems require the most number ol stall o
However, when staffing 15 normalized 1o
capacity, the results show a decrease in stalfing as plant
capacity increases. Considering the staffing per MGD, less
mechanized systems such as lageon and land treatment
gystems. which constitute a majority of smaller treatment
plants (<3 MGD or <18.9 x 10*m?), have the greatest
potential to impact social and economic development
through increased employment in the community than
larger treatment plants of mechanical systems that may be
located outside of the community where the wastewaler is
venerated.

mamntamn.

3.3.3. Level of educarion

Increased education is generally valued us an important
imdieator for sustainability. The level of mechanization of a
treatment system often dictates the level of operator
qualiﬁcation 1'ecluircd to operate the plul‘ll. and thus their
education level. Licensing required by each state depends
on the type of weatment plant, complexity and size (U.S.
EPA. 2004b). A high school diploma or general equiv-
alency diploma (GED) may be necessary for less compli-

Table 3
Stalfing required to operate a wastewater treatment plant for a given plant
capadity

Plant capuacity MGD Average Plant staffing  Staffingpe

(m” /day) capacity (Average) Ave. capacity
MGD

<10 (<38 % 10M 0.4 39 10

10540 25 8.4 14

(3.8 % 10 =19 % 10Y)

SA0-100 T8 17.6 24

(19 % 107 =38 = 10%)

HLO-30.0 23.1 0.6 2.0

(38 % 107 =190 % 10%)

A 100 6. 1 129.4 1:9

(190 % 107 =380 % [0%)

= 100 (380 = 107 1817 3143 1.7

Sowrces WEE, 1992,

cated systems. like a lagoon or land treatment system.
Higher education is required to operate and maintain
complex, sophisticated treatment systems such as activated
sludge.

Each state has a tiered system for operator licensing. For
example in Michigan the tiered system for operator
licensing is from Class A to D. The level of education is
important in determining the type of wastewater treatment
plant an individual can operate and the type ol license
required. More complex and sophisticated processes such
as mechanized treatment systems require a higher level of
education for licensing and operation, than less mechan-
ized processes like lagoon and land treatment systems. The
more mechanized wastewaler lreatment system, (e.g.
activated sludge system) usually requires a higher class
license. (Class A or B). while less mechanized systems (e.g..
lagoons, land treatment) require a lower class license (Class
C or D).

Results of an EPA survey of 150 small treatment plants
with debilitaling problems. show that poor operator
understanding and application of process control is the
most (requently occurring problem that limits treatment
plant performance (WEF. 1992). Smaller treatment lacil-
1es are more likely to gain from higher level of education
and additional training as these facilities are not often
reached by professional networks that can offer trouble
shooting advice in the event of a process upset or failure.
An operator with relevant knowledge of the processes
within a facility can reduce the risk of a process failure,
protect worker salety, and solve debilitating problems by
responding promptly to any problems. then one who does
not. Even the perfect plant design will not perform
adequately without informed operation and responsible
administration.

3.3.6. Open space availability
Mechanical treatment systems have lower hydraulic
retention time of 3-8h (Metealf and Eddy, 2003). which
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lable 4
Lund required by the different trentment technologies to treat | million
aallons per day (MGD) (3.8 % 10" m'/day)

Required land area
Acre/MGD

Treaument tcchlmk:&\_f

Mechanical treatment (conventional activated sludge) 0.4
Lagoon treatment

Facullative 49-161

Acrated ponds 5-16.3

Partial-mix aerated ponds 28-4Y
Land treatment

Slow rate {loading rate, 2-18 f/yr) G- 7080

Rapid inhltration (loading rite. 18-36011/yr) 3-60
Overland flow (loading rate. 10-70{t/vr) 16-112

Sources. Crites and  Ichobanoglous (1998), Metcalf and Eddy (2003),
Natianal Research Counerl (1993),

translates to smaller land requirements compared to lagoon
and land treatment systems that require a longer detention
time and hence more land area (Table 4). Smaller land
requirements can mean that land can be used for other
cconomic or environmental purposes. We have stated
previously that the value and use of open space requires
context-based interpretation. Here it is assumed that open
space is a benefit to the community. Although mmimum
land requirement may be seen as a benelit, especially in
urban arcas where land is at a premium, increased land
area can also be considered a benefit as assumed in this
study as this provides more open. green spaces Lo a
community and hence inereased ecological and social
benefits. These open spuces have many climatic purposes,
such as maintaining the ambient temperature at an
optimum. Land can also serve as a buffer between a
community and aesthetic concerns associated with waste-
waler treatment.

In Atlanta, Georgia, the estimated annual economic
value of tree cover in improving Atlanta’s air quality was
valued at $15 million. Additional annual economic benefits
in improved air quality of $7 million could be realized if
Atlanta’s tree cover were increased to 40% (Trust for
Public Land. 2005). Lagoon and land treatment systems
that require more land area. and hence contribule to green
space, also may provide habitat lor waterfowl and other
wildlife, as well as areas for public education and
recrcation (U.S. EPA, 2005b). This is important in an
cconomic sense because in 1990, it was estimated that
outdoor recreation contributed $40 billion to the US
cconomy. Furthermore. recreation is ranked number 2
among all economie activities on US Forest Service lands
(Trust Tor Public Land. 2003). Such green spaces attracl
visitors who [or example, enjoy bird walching or open
areas in general. and also encourage social encounters
among different members of a community that is another
valued henefit.

3.4. Overall sustainabitity

As seen in this study, the sustainability of the difTerent
wastewater treatment technologies evaluated varied with
each sustamability indicator. These selected indicators were
used to measure the economic, environmental and societal
sustainability of a treatment system. Hence. in order to
compare results and show the overall sustainability of each
treatment system, the individual results from the three
treatment technologies were displayed using target plots.
Target plots have been used historically 1 LCA and
environmental product design to evaluate overall sustain-
ability, The plots make it easy to single out points that are
far removed from the plot’s center that require special
attention. Furthermore, in this study they cnable quick
visual comparisens of environmental. economic and social
altributes.

The target plot shown in Fig. 3a displays the three
dimensions of waslewater sustainability. the scale of impact
from these dimensions. and the sustamability indicators
used in this study. The impact values for cach sustainability
indicator for the dilTerent treatment systenis were rated on
a scale of -3, with a scale of | being more preferable and
thus situated closer to the center of the plot. Again, the
raling is a confext-based decision that can change with a
community, region, and country. Due to space limitations
the conversion ol the data lo the target plots is not shown.
However. the authors can be contacted for supplemental
information that explains the method. Figs, 3a—d indicate
that using the indicators. mechanical treatment systems are
overall less sustainable than lagoon and land treatment
systems (Le.. greater area of the plot 15 taken up by the
shaded area). This is especially true in the economic and
societal indicators identified for this study.

The greatest economic impacts for mechanical systems
arise from their higher capital. operation and management,
and resulting user costs. The greatest environmental impact
for such technology originates [rom its high energy use
compared to other technologies. Mechanized processes
may compromise aestheties (i.e.. odor forming potential) to
a greater extent compared to the other technologies and
contribute less to the cconomy of a community by
employing the least number of staff per plant capacity,
than other treatment systems. Despite these sethacks in
attaining sustainability, mechanical systems are very
efficient removing biochemical oxygen demand. total
suspended solids. and pathogens.

Lagoon treatment systems can provide open space to a
community along with having a low user cost and less odor
forming potential while providing sufficient removal of
nitrogen and phosphorus. and less compromising aes-
thetics. The user cost depends on whether the lagoon is
aerated or not. usually reflected in operational and
management costs. Aerating a lagoon (including power)
costs $350 to 5300 per year, in operational and manage-
menl costs, whereas a facultative lagoon costs less than
$100 per year (U.S. EPA. 2002). In lagoons. the presence of
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Fig. 3. (4) Targel plot showing the three dimensions of wastewater sustainability. the scale of impacts from these three uspeets and the sustainability
indicators used in the assessment. Impeet values closer 1o the center of the target plot are more preferable. (b) Summary of impacts [rom u mechanical
treatment system. The plot indicates most of the impucts are further from the center. {c) Summary of impacts from  lagoon (reatment system, The plot
indicates inpacts values are close 1o the center. (d) Summary of impacts from  terrestrial treatment system. The plot widicates that most impact values are

more closer to the center.

odor is scasonal; therefore. there is lower odor potential in
the winter than summer months. These systems also have
low cnergy use, and provide sufficient removal of
biochemical oxygen demand, total suspended solids, and
pathogens. Their lower capital and operation and manage-
ment costs make them ideal systems [or small communities.
Although these svstems are less mechanized. they can
contribute more (o the cconomic growth of a community in
the long term by employing more stall per plant capacity
than larger mechanical systems that employ fewer stall per
plant capacity.

Of all three systems. land trcatment systems were found
to pose the least overall impact as shown by Fig. 3 results.
Advantages of land treatment systems include lower capital
and resulting user costs and low potential to produce odor.
These systems also have low energy use during operation.
and high removal of biochemical oxygen demand, total
sugpended solids. nitrogen, and pathogens. Like lagoon
gystems, land treatment systems were found to contribute
to cconomic growth by employing more staff per plant

apacity than the larger mechanical systems and also
provide a community with open space.

The results suggest that using the sustainability indica-
tors developed in this study, wastewater treatment tech-
nologics. such as lagoon and land treatment systems were
chown 1o be a more suslainable choice, considering
ceonomic, socictal, and environmental issues. when select-

ing a technology lo serve communities with wustewater
generation rates of less than 3 MGD (18.9 » 10° m* /day).

4. Conclusions

The sustainability o' mechanical, lagoon. and land
treatment technologies for wastewater ftreatment was
evaluated. using a set of sustainability indicators developed
particularly Tor this study. The results showed the overall
sustainability of a wastewater treatment technology is a
function of economic. environmental and social dimen-
sions. and the selection and inlerpretation of indicators is
influenced by an area's geographic and demographic
situation. The results of thig study are an attempt to look
beyond the engineering cost and environmental perfor-
mance associated with a particular treatment technology in
order that selection of a technology associated with the
management of wasiewater treatment meets triple bottom
line expectations for an equal balance of environmental.
economic, and societal sustainability. One goal of this
paper was 10 initiate a discussion on how to address a more
integrated evaluation of the overall sustainability of
wastewater treatment technologies.

While we acknowledge the many sources and range ol
data that went into this evaluation. and the difficulty in
identifying a “best overall option™, what is interesting is
that this study demonstrated there are varying degrees ol
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sustainability in the way a particular treatment technology
is selected and then operated, It is not as easy to design a
wastewater freatment system that values education of the
worklorce, open space, and employment in the community,
and minimizes aesthetic nuances associated with odorous
dir emissions. while also minimizing costs. energy use. and
maximizing treatment performance.

If" & particular wastewater management strategy is
deemed non-sustainable. the impact will extend beyond
its immediate operational vicinity and even inte future
generations. Therefore. traditional sustainability indicators
for wastewater systems that have emphasized environmen-
tal stressors at the neglect of societal issues need to strive in
the future to include current and intergenerational
balanced impacts. In addition, the design of wastewater
management systems that are better integrated into larger
community needs could be considered. For example the
reuse ol treated wastewater and management ol solid
residuals could be better integrated with local agriculture
activities which would re-distribute and return nutrients
back to the surrounding environment. instead ol concen-
trating nutrient fluxes in one receiving water body. Ideally
the use ol onsite-treatment systems like septic tanks.
constructed wetlands, and even composting latrines has
potential in contributing to sustainability as they rely on
non-energy and chemical intensive processes that return
nutrients to the surrounding environment. In either case.
the realization of more sustainable wastewater manage-
menl will require a more balanced approach in evaluating a
particular management strategy’s overall sustainability.
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Abstract

After Hurricane Katrina passed through the US Gull Coast in August 2005, Hoodwaters covening New Orleans were pumped into
lake Pontchartrain as part of the rehabilitation process in order to muke the city habitable again. The long-term consequences of this
environmentally critical decision were difficult to assess at the time and were lefl lo observation. In the aftermath of these natural
disasters. and in cases of emergency. the prouctive use of sereening level models may prove to be an important factor in making
approprinte decisions o idenlily cost effective and environmentally friendly mitigation solutions. In this paper. we propose such a4 model
and demonstrale its use through the application ol several hypothetical scenarios Lo exumine the likely response of Lake Pontchartrain to
the contaminant loading that were possibly in the New Orleans Aoodwaters, For this purpose. an unsteady-state Tugacity model wag
developed in order o examine the environmental ellects of contaminants with dilferent physicochemical characteristics on Lake
Pontchartrain. The three representative contuminants selected lor this purpose are benzene, atrazine. and polvehlorinated biphenyls
(PCBs). The proposed approach vields contimuous Tugacily values for contaminants in the water. air, and sediment compartments ol the
lake system which are analogous to concentrations. Since contaminant data for the floodswaters are Imited. an uncertainiy analvsis was
also performed I this study. The elfects of uncertatnty in the model paramelers were investigated through Monte Carlo analysis. Results
indicate that the aceeptable recovery of Lake Pontchartrain will require o long period of time. The computed time range (ot the levels of
the three contaminants considered i this study to decrease to maximum contanumant levels (MCLs) is about 1 year to 68 years. The
model ean be mmplemented to assess the possible extent of damage inflicted by any storm event on the natural wialer resources of
Southern Louistana or similar environments elsewhere. Furthermore, the model developed can be used as o useful decision-making tool
for planning and remediation in similar emergeney situations by exumining various potential contamination scenarios and (heir
consey uenees,

02007 Elsevier Lid. All rights reserved.
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pollution effects of this process were not  examined
thoroughly as the water being drained mnie the lake

. Introduction

The eity of New Orleans, Louisiana. was [looded as a
result of Hurrtcane Kaltrina making large secttons ol the
city uninhabitable. In an immediate attempt to make the
eity habitable agan. a decision was made to drain the
floodwaters directly into Lake Pontchartrain. Although
draining the floodwaters into Lake Pontcharirain seemed
io he an ellective solution at the time. the long-term
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contained various potentinlly hazardous contaminants.
Since industrial complexes and chemical warehouses along
with other faclities were flooded. it 15 probable that
huzardous chemicals were leaked into the floodwaters. [t
was assumed that natural processes such as dilution and
decay in the lake would be effeciive in neutralizing
contaminants over tme In this study. we examine the
elfectiveness of these natural processes for the recovery of
Lake Pontchartrain, To provide preliminary insights into
the long-term elfects of the decision made to drain the
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floodwaters into the lake without treatment. three repre-
sentative chemicals with different physicochemical proper-
ties were considered—benzene, atrazine, and polychlorinated
biphenyls (PCBs).

Large amountr of pasoline were observed in the New
Orleans floodwaters, Thus. benzene, a constituent of
gaso}.inc and rcprcscnlalive ol volatile Compounds. wis
considered (o be one chemical compound ol interest in this
study, Warchouses that stored agricultural products were
mundated by floodwaters. Thus., atrazine. the most
commonly used agricultural herbicide. was considered (o
be another possible chemical compound in the floodwaters.
Begides. atrazine is a good representative of more water-
soluble chemical which may have possibly been in the
floodwaters. The third chemical compound considered in
this study is PCB. a highly toxic and highly hydrophobic
chemical compound. The PCBs, which are still in existence
even after the prohibition in 19708, were selecied o
represent  hydrophobic compounds. All three chemical
compounds considered are potentially harmful to human
health as well as biota in the lake. Selecting chemicals with
dilferent physicochemical characteristics also provides
information about which chemicals are likely to cause the
most severe and longest-lasting effects on the recovery of
Lake Pontchartrain.

All chemicals behave differently in nature: they partition
through different pathways when introduced into a surface
water system such as a lake. Some of the contaminants
volatilize, some of them adsorb to solid materials. and
some of them stay in the aqueous phase. In any attempt to
determine the fate of chemicals in surface water environ-
ments. the existence of sediment. suspended particles, and
the air phase must also be considered. This paper addresses
the existence ol contaminants in three different phases by a
detailed application of fugacity analysis to Lake Ponteh-
artrain, Using fugacity analysis, a chemical equilibrium
between phases can be established and partitioning among
different phase compartments can be predicted. Since
fugacity 15 continuous between phases (unlike concentra-
tion which is discontinuous between phases). the [ugacily
approach allows for monitoring of a chemical as it passes
from one phase to another with relative ease (Mackay,
2001; Stumm and Morgan, 1996).

Extensive collection of data on the floodwaters was not
done due to the need for immediate emergency response
actions. Thus, no site-specific information is available on
pellutant levels of the floodwaters resulting from Hurricane
Katrina. This study, therefore. provides one alternative
approach (o conduct pollution analysis in the lake in the
absence of such data. Nevertheless, the lack of data does
introduce significant uncertainties in the study outcome.
For this purpose, « Monte Carlo analysis was built into the
developed meodel to evaluate the uncertamnty effects.
Therefore. probability distributions for mass transfer
cocllicients, decay rate coefficients, and most importantly
source rate were used instead of single deterministic values.
Congequently, the recovery time of the lake becomes a

probability density outcome instead of a deterministic
outcome. In turn, a better understanding of the expected
pollution levels in Lake Pontchartrain as well as the
recovery time of the lake was achieved. Following 4
sensitivity analysis. most sensitive parameters were deter-
mined and used for the uncertainty analysis.

2. Fugacity model

A lake system consists of different phases that interact
dynamically with each other. These inleractions play an
important role in the persistence of chemicals in cach
phase. A lake system consists of air. water, and sediment
compartments. The waler column is in contaclt with both
air and sediment compartments. and therefore the basis of
the model is established by three unsteady-state mass
balance equations among these compariments.

All three compartments are assumed to be well mixed.
The interactions between the air and water compartments
involve wet and dry deposition from air to water and
air—-water diffusion. The interactions between the sediment
and water phases invelve diffusion, deposition of sus-
pended particles onto sediments, and resuspension of
particles [rom sediments. Additionally, water flows oul of
the lake system through tributaries, and there is wind-
induced air flow just above the lake creating a mixing zone.
Sediments are assumed to be immobile. Moreover,
chemicals follow first-order decay reactions in
compartment. The compartments and the natural processes
included in the model are shown in Fig. 1.

Fugacity 18 used instead of concentration in the
development ol mass balance equations since 1his approach
provides an easier representation of mass flux among
phases (Mackay, 2001; Stumm and Morgan. [996).
Fugacity, F. and concentration. C. are linearly related
through a proportionality constant. Z, as

C=ZF. (1
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Fig. 1. Schematic view ol the natural processes considered in the fugacity
model.
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Each phase contains particles. Air consists of gas and
acrosols, the small particulate matter in air. Aerosols
provide solid surfaces onto which a chemical can adsorb.
[Likewise, the water column contains suspended particles
which form the solid phase available for adsorption. Only a
portion of the bottom sediments is solid material as
sediments form a porous media saturated with water,
Thus. each phase has its bulk fugacity capacity represent-
ing respective physicochemical characteristics. Bulk fuga-
city capacitics can be calculated using volume fractions.
The fraction of acrosols in air is given in literature as 30 pg/
m”. which corresponds to a volume fraction of 2 x 107",
The fraction of suspended solids in water is given in
literature as Smg/L. which corresponds to volume [raction
of 2.08 x 10", Sediments are given to be 15% solid
materials by velume (Mackay, 1989). Hence, the bulk
fugacity capacity in water phase can be calculated using
Eqg. (2):

= Zp”n' T+ Zall =mg), (2)

where Zy, is bulk water fugacily capacity. Z, is water
particle fugacity capacity. Z, is pure water fugacity
capacity, and n, is the volume fraction of particles in
water. Bulk fugacity capacity in air phase 1s calculated with
Eq. (3):

Zhr = zacmm!”u + Zu[ = ). (3)

where Zj, is bulk air fugacity capacity, Z, . .ow 18 aerosel
fugacity capacity, Z, is pure air fugacity capacity, and n, is
the volume f[raction ol aerosols in amr. Bulk (ugacity
capacity in sediment phase is calculated with Eq. (4):

Zpy =Z e+ Zi(1 — ny), (4)

where Z,, is bulk sediment fugacity capacity. Z.gimmen 1S
sediment Tugacity capacity. Z,. is water fugacity capacity,
und 7, 1s the volume fraction of solid particles in sediment.

The fugacity capacity of suspended sediments (water
particles) is assumed to be the same as the fugacity capacity
of sediments as they share similar physical characteristics
(i.e. density and particle-water partition coefficient). Thus,
the time rale of change of fugacity in each compartment 1s
related to fugacities in all the compartments. The [ollowing
sel ol three equations depicts the mass balance of a lake
system in terms of fugacities:

dF y
J’;uwzlrm d—;{ = S + (Ku\l-“{u'zn + Qrfrrzm'm,ualf
+ Q||-._JfZH£'rrJ.h'uf]F.-J' + (Qf-f_a,‘-Z.\‘ o K\'u A.\'Zu')FS
= ”fu' VH'ZH <1 Q{fw;zp i Q,,mzhn-
+ K:m -"I\I'Zu ]FH"~ {j)
dr;

¥ 'nJZuu'TI{ = (KawAwZ\)Fw — (Q.fr_l'zdem.wf - FeuVaa
+ Q:l'lrIZuL'i'U.\'UJ" + Qm‘a-Zhd -+ Kull'Au'le')F.-I- [6]

dFs = 5
2 = (Qde;:zn + KapdsZy)Ew — (’I".\ Vs + Qrmz.\

Vb —
$4= dr
+ Ko doZo 4 Oy ZIF s (7)

in which £y is the fugacity of the water compartment, £4 is
the fugacity of the air compartment, and Fj is the fugacity
of the sediment compartment. § is the source rate of
contaminant in the water phase. V. F,, and ¥V represent
the volumes of water, air. and sediment compartments,
respectively. Similarly. 4, and A, represent the surface
areas of waler und sediment. Qg is dry deposition rate
from air. O, is the rate of wet deposition from air, Q,., is
the resuspension rate of sediment particles. O, is the
deposition rate of suspended particles in the water column.
O, 18 the wind-induced air flow rate on the lake, @,,, is the
rate of water flowing out of the lake, and Oy, is the burial
rate of botlom sediments. Z,, is the fugacity capacity of
water. Z, 15 the fugacity capacity of air. Z_ is the fugacity
capacity of sediments. Z, is the fugacity capacity ol water
particles (suspended solids), Z ..y is the fugacity capacity
of aerosols, Z,,, is the bulk water lugacity capacity, Z,, is
the bulk air fugacity capacity, and Z, is the bulk sediment
fugacity capacity. K,, 1s the mass Llransler coeflicient
between air and waler, whereas K., is the mass transfer
coefficient between sediments and water. The terms &, &,
and k, are the first-order decay rate constants in water, air,
and sediment compartments. respectively.

Egs. (5) through (7) have three unknowns that can be
solved simultaneously through numerical integration using
finite-difference approximations, In this study, forward
difference approximation is used for time derivatives, and
time-averaged values are used for fugacity values of each
component on the right-hand side of the equations as
shown in Eq. (8):

dFy it —
dt A«

el ok
g b + F
2

i=AW.S. (8)

Applying this process to the governing equations and
lumping all known values together yield three equations
with three unknowns as shown in Eq. (9)

AP KD - aaFH = By,
_-4_11{‘4#;—' = .-'ijﬁl Ve B,
AsFl + AFE = B, 9)

These equations can be written in matris [ormat as
demonstrated by Eq. (10):

A Ay A1 [Fw T eyt
Ay As 0 || £y = gl . (10)
."Ih 0 /h F}, ﬁ%

Since all of the terms on the right-hand side of the above
equations are known, the right-hand side terms are
simplified and represented as a vector. The matrix equation
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can be solved by a common matrix solver such as the LU
decomposition scheme as used in this study. The source
rate is also introduced into the equations above as a time-
dependent initial loading. The source is calculated as a
volume fraction of Roodwaters during the pumping period
and is converted to mass of contaminant per time using
pumping rate, molecular weight, and density of the
contaminant.

The constants in Eg. (10) are either physicochemical
properties of the chemicals or represent the characteristics
of the lake. In the following section. the informatien used
to caleulate these values is explained. The physicochemical
properties of the selected chemicals are obtained f{rom
reference handbooks (Howard, 1989: Mackay et al.. 1992)
and summarized in Table 1.

The amount of floodwaters pumped into Lake Pontch-
artrain is about 10% of the lake volume, and the draining
of floodwaters took about 1 week. which is used to
calculate loading rate into the lake. Ten percent of the lake
volume in [ week corresponds to a pumping rate of
3.5 10°m?/h. Using this pumping rate, a source rate term
that is the key input of the model is estimated. Since there
are no measurements prior to the pumping of foodwaters
mto Lake Pontchartrain. various potential contaminant-
loading scenarios can be investigated. To reflect the
uncertainty in the source rate estimate, a uniform distribu-
tion is assigned (o the source rate term. Source rates of
0.01% and 1% by volume of the inflow floodwaters are
used as the lower and upper limits of the distribution.
respectively, Any source rate between these values is given
an equal probability of occurrence. In another scenario, a
fixed contaminant-loading rate corresponding to  the
average of the uniform distribution (0.1%) is also used.
By using thig estimation method and fixed source rate
values. the source rate terms for benzene. atrazine. and
PCB arc estimated as 3.84x 107, 1.88x10". and
[.47 x 10" mol/h, respectively. We should emphasize here
that the source-loading scenarios selected above are for

Table 1
Physicochenucal data on selected chemicals

Parameter CoHi— CyH 4CING Total
bengseng alrazine PCBs

Molecular weight 7811 215.758 126

(g maol)

Log K., 2.13 275 6.66

Henry's Law canstant 355« 107 288 1070 245107

(atm m"f muole)

Z e AMol ™ Pa) L7807 3480 0.0818

2, (malim’ Pa) 4045107 4041070 4.04 = 1071

Zgimon (MOLM" Pa) 141 %107 77000 11.500

Lot s (M01M? Pa) 18w 10 3480 0.0951

Zoustc iy (molfm” Pa) L0410 e s 107 4.58 % 107*

Ziudie odimenr (molim* Pa) 296 x 1077 14,500 1730

Half life in water (h) 17008 17.000 139,000

Hall life in air (h) 170 5 693

Hatlf life in sediment () 17.000 1700 347.000

demonstration purposes and may be varied depending on
the field data that may be collected at a site for a specific
and more rigorous application. Further. as stated earlier. a
sensitivity analysis on this parameter was also conducted in
an elfort to estimate its impact on the oulcome.

The time o recover from the contaminant load is
calculated as the time to reach allowable coticentrations
given in Environmental Protection Agency (EPA) (2004)
Edition of the Drinking Water Standards and Health
Advisories (EPA. 2004). The maximum contaminant levels
(MCL) for the alorementioned chemicals are 0.005 mg/L
for benzene. 0.003mg/L for atrazine. and 0.0005 mg/L for
total PCBs.

The water outflow from the lake 1is
1.57 x 10°m°/h. which is the total water output via
tributaries of the system (USGS. 2002). The deposition
rate of §16 m*/h and the resuspension rate of 1000 m*/h are
selected based on the guidelines in the work o’ Mackay
(2001).

Air flow calculations are based on the annual average
wind velocity. An average wind speed of 1.99 x 10" m/h is
expected above Lake Pontchartrain predominantly in the
SE-NW direction (USGS. 2002). The volumetric air fow
rate is calculated using the cross-sectional area of the air
compartment in SW-NE direction. This study mamnly
focuses on the response time ol Lake Pontchartrain with
respect to different contaminants which may exist in the
floodwaters alter Hurricane Katrina. while some of the
volatilized chemical loss can re-enter the system through
atmospheric deposition mechanisms. To incorporate this
process into our model. only a small thickness of the air
compartment is used as the mixing zone for tracking the
contaminant immediately above the lake. The mixing zone
is chosen to be the bottom 50 cm of the air compartment,
which resulted in the air flow rate as 3.2 x 107 m"/h.

For determining air—waler and sediment—water mass
transfer rates required to calculate diffusive fluxes between
compartments, the two-film theory 1s used (Valsaraj, 2000):

] ] 1

Kun- k;_ ¥ f\’{;H-
where K, 1s the air—waler mass transter coelficient, k; is
the liquid side mass transfer coefficient. k¢ is the gas side
mass transfer coefficient, and H is Henry's law constant.
Sediment-water mass transfer coefficients are taken from
Reible (1998). Liquid and gas side mass transfer coeffi-
cients are given in Valsaraj (2000). The resulting air—water
and sediment-water mass transfer coefficients for benzene,
atrazine, and PCBs are given in Table 2.

To advance further into the site-specific case ol Lake
Pontchartrain. data on the physical characteristics of Lake
Pontchartrain are needed. Lake Pontchartrain is roughly
oval in shape. It is about 40 miles (64.4 km) in length from
east to west and about 24 miles (38.6 km) in length from
north to south and forms the northern boundary ol New
Orleans. Cities adjacent to the lake are Mandeville and
Madisonville to the north and Slidell to the noartheast

chosen as

(11)
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Tahle 2
Mass trunsfor coelficients

Compound Overall air-water Sediment-water
mass tansfer mauss transfer
Coefficient (m/h) coelfcient (m/h)

Renzene (.00458 00006

Alrazine 0.00001 (L0013

PCBs (.0034 0.0004

Table 3

Physical data on Lake Pontchuartrain

Surface arey
Average depth

Total water outliow
Wind speed on lake
Tolal wir outllow
Depth ol air on lake
Valume of mir
Depth of sediment
Volume of sediment
Density of sediment

1.632.000.000 m? (630 mi”)
365m (121

1565000 m™h (15350 cfs)
10.75 knots (19910m/h)
32 x 107 m'h

0.3m

¥ 16.000.000m "

(L03m

81.600.000 m*

2400 kg/m’

Table 4
Removal percentages ol contaminants from aqueous phase

Compound  Decay Deposition  Outflow Volatilizanon
(%) (“) (%) ()

PCBs 0.1 73 6.7 202

Benzene 20.5 0:03 7.3 122

Alrazine 13 0.45 858 B

(USGS, 2002). Other data on the physical characteristics of
Lake Pontchartrain are given in Table 3.

The removal mechanisms from the water column of the
lake. as can be seen in Eq. (5), are first-order decay.
transfer into sediments, flow out via tributaries, and
transfer into air compartment. The percentage of each
removal mechanism for the three contaminants is calcu-
lated. The results of this calculation are given in Table 4.

As inferred by the data in Table 4, the three contami-
nants examined in this study behave very differently with
respect Lo each other. Monitoring the removal mechanism
of each contaminant from a compartment is made easier
with the use of fugacity approach in the model. Upon
cxamining the results of the analysis for these three
contaminants. the expected behavior of other similar
contaminants in the floodwaters may be easily understood.
If the contaminant is as volatile as benzene. it will be
removed from the lake rapidly. If the contaminant is more
hydrophobic, the contaminant will remain in the system for
a longer period of time.

Table 4 also infers that the main removal mechanism lor
benzene is volatilization. Higher values of the air-water
mags transler coefficient of benzene better enable the

(ransfer of benzene into the air compartment. Once passed
into the air compartment, benzene is rapidly removed from
the system by wind-induced air Aow. It ig ohserved that a
negligible percentage of benzene is transferred into the
sediments, The second most Rigniﬁcanl removal mechanism
for benzene is decay.

The main removal mechanism for PCBs is deposition
onto the sediments. This deposition is expected as PCRs are
the most hydrophobic chemicals among the three selected
contaminants. About three quarters of the PCBs intro-
duced into the lake system are translerred to the sediment
compartment. When a chemical passes into the sediments.
it remains there [or a long time, thus stays in the system for
a long time. The loss mechanisms from the sediments are
burial, decay, and release back into the water column.
Therefore. PCB stays in the system longer than the other
contaminants studied. In fact, that is the main reason lor
observation of PCBs in aquatic systems even (hree decades
after being banned. Sediments become the secondary
source of PCBs by slowly releasing the chemical back into
the water column,

The main removal mechanism for atrazine is outflow
through the tributaries. Removal occurs to 4 smaller degree
through first-order decay in the water column. Atrazine
does not attach onto solid surfaces or volatilize signifi-
cantly. Atrazine stays mostly in the agueous phase and is
removed [rom the system in its dissolved form. In fact,
atrazine has the highest water solubility among the three
contaminants selected for this study.

From studying Table 4, it is seen that the three selected
chemicals are indeed representative of very different
behavior in nature. Examining the removal mechanisms
of potential contaminants is a very effective decision tool in
any emergency situation, whether it is a natural disaster or
an accidental spill. In fact, this model can be a very useful
tool Lo analyze the effects o many potential chemicals that
could be introduced inte natural waters after natural
disasters or accidental spills.

3. Sensitivity analysis

After calculating all the constants in Eg. (10). a
sensitivity analysis i1s performed on the proposed model.
A sensitivity analysis of the values representing the
transport and transformation processes in the lake allows
for observation of parameters that have the
significant effects on the sell cleaning capacity of Lake
Pontchartrain. The most sensitive parameters were found
to be the source rate. mass transfer coefficients. and decay
rate constants. Decay rate constants directly alfect the
persistence of a chemical in the lake system. Given a higher
decay rate in a specific phase, the removal rate of 12
chemical increases. Mass transfer coefficients are also very
important in the recovery tme of the system. 1f a chemieal
passes to sediments more rapidly, it stays in the svstem for
d longer period of time. On the other hand. if a chemical
passes to the air phase more rapidly, it is removed from the

maost
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system more rapidly due to wind-induced advection. We do
not know the exact concentrations ol chemicals in the
floodwaters. Thus, using probability distributions imstead
of deterministic values for the contaminant loads is logical.
The results of the sensitivity analysis with respect to the
source rate are given in Table 5 demonstrating the effect of
source rite on the recovery time ol Lake Pontchartrain.

4. Monte Carle analysis

Mass balance fugacity models, used to determine fates of
chemicals, are increasingly recognized as useful tools to
foeilitate management of chemicals that are released into
the cnvironment. However, as models are only an
approximation of the actual fates of chemicals. it is crucial
to communicate clearly the uncertainties associated with
the model, Monte Carlo analysis is currently the technique
of choice to quantify uncertainty in environmental models.
Monte Carlo analysis is very attractive for many applica-
tions in dilferent fields lor 1t is widely applicable and
unconstrained by the type of model (Macleod et al., 2002).
In this approach, the most sensitive parameters recognized
by the sensitivity analysis are passed to the fugacity model
as random values sampled (rom a probability distribution.

In literature, mass transler coefficients and decay rate
congtants have been assigned lognormal distributions
(Citra. 2004; MacLeod et al, 2002). Choice of the
lognormal distribution for many fate and transport model
parameters is advantageous as lognormal distributions
have a positive state space, The lognormal disiribution has
two deseriptive parameters: a mean and a standard
deviation that are related 1o a corresponding normal
distribution.

Table 3
Sensitivity analysis results for source rate

Contiminant ratio i foodwiters by volume

Contaminanl (1) 0.0l 0,1 |
Bunzene (yeurs) 0.72 (582 0.87
Atrazine (vears) .05 1.27 1.30
PCB (years) 2540 4400 62.7

453

The pumping rate of floodwaters into Lake Pontchar-
train is estimated to be 3.5 x 10°m"/h. The source rate term
is estimated. assuming a fraction of the floodwaters (by
volume) is the contaminant. In this study, a uniform
distribution is assigned to the source rate term. Source
rates caleulated with 0.01% and 1% by volume of
contaminant in the Hoodwaters are used as the lower and
upper limits of the uniform distribution. respectively. Any
source rate between these values is given an equal
probability of occurrence,

A total of 10 trials are performed for the Monte Carlo
runs. 107 random variables are created for the overall
air-water mass transfer coefficient, the water sediment
mass transter coefficient, the water decay rate constanl. the
air decay rate conslant, the sediment decay rale constant,
and the source rate. The Box Muller algorithm s used
(Gentle, 2003; Ronen, 1988) to generate random values
from a lognormal distribution. The values found in
chemical handbooks [or these paramelers are used as
means for mass transfer coefficients and decay rate
constants (Table 6). A standard deviation of 0.5 is used
for all mass transfer coefficients and decay rate constants,
This value gives a confidence factor of about 2.7 (MacLeod
et al., 2002), which implies that about 95% of all random
values lie between 1/2.7 and 2.7 times the median. The
inverse of the cumulative density function of a uniform
distribution is used to generate random variables for the
source rate, The model (Eqg. (10)) is run 10" times through
time. selecting a random value for the uncertain parameters
at each time.

5. Results of Monte Carlo analysis

Prior to Monte Carlo Analysis, cach contaminant is
modeled using the mean values f(or each parameter
including the mass transfer coellficients and decay rate
constants, The source rate is caleulated assuming that
contaminant level in the floodwaters is 0.1% of the total
floodwaters by volume. The response of the lake to the
introduction of contaminants at these mean values can be
seen in Fig. 2.

Floodwalters are pumped for the duration of a week into
the lake. During the pumping period. the concentration of

Tahle 6
Mean and standard deviation values used Lo generate random values for decay rate constants and mass transfer coellicients
Parameter/chemical Benzene Atrazine PCBs

Mein sD* Mean 5D Mean 3D
Water decay rate constant 0.00077h 0.3 0.00126h~! 0.5 0.000005 1" 0.5
Air decay rate constant 0003316k 0.5 0.386H" 0.5 0.0001 1! 0.5
Sediment decay rate constant LOO0SSEH ! 0.5 0,000199 k! 0.3 0.000002h ' 0.5
Overall air-water mass transfer coetticient (L.00Y3E m/h 0.5 0.00001 mih 0.5 0.0024 mih 0.3
Sediment witter mass transfer cocfficient 0.0006m/'h 0.5 0.0013m/'h 0.3 0.0004m/h 0.3

“Standard deviation.
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Fig. 3. Analysis results for recovery of Lake Pontchartrain from atrazine load with source rate fixed at (0.1 %.

cach contaminant reaches very high concentrations in the
lake. After pumping stops. the concentration of contaminants
decreases in the aqueous phase as a function of physico-
chemical properties. The other compartments follow a similar
behavior. go they are not shown in this figure.

PCB concentration reaches a maximum of about 9 mg/L
during the week of pumping, which is a larger amount than
the MCL values. Similarly. atrdzine and benzene also reach
very high concentrations as seen in Fig. 2.

For the Monte Carlo analysis, two cases are examined.
In Case L. the source rate is kept constant at 0.1% (the
mean value of the source rate distribution) while all decay
rate constants and mass transler coelficients are sampled
from lognormal distributions and randomly used in the
model. In Case Il. random sampling of the source rate
from a uniform distribution occurs in addition to the
saumplng of mass transfer coefficients and decay rate
constants Itom lognormal distributions.

For cach sct of randomly sclected groups of mass
transfer coefficients, decay rate coefficients. and source
rate, the time for the system to reach MCL values is

recorded. This value reflects the duration of time required
for Lake Pontchartrain 1o recover from contaminant load
by natural processes. In other words, this value is the sel(-
cleansing time of the lake.

The resulting set of 107 time values is represenied within
three plots. The first plot is the frequency of oceurrence of a
time value. Given these distributions. enmulative and
complementary cumulative probability distributions can
also be calculated as shown in the same ligure as discussed
below. The complementary cumulative probability plot
shows the probability of the lake exceeding @ certain time
in recovering from a contaminant load. This is a very vseful
way to interpret the uncertainty inherent in the results.

Fig. 3 shows the results of Monte Carlo simulation lor
atrazine for Case 1, where the source rate is fixed at 0.1%
by volume, while Fig. 4 shows the results for atrazine for
Case IT where source rate is randomly sampled along with
mass Lransfer coefficients und decay rate coefficients. Figs.
5 and 6 show the results for benzene for Case I and Case 11,
respectively: similarly. Figs. 7 and 8 show the results for
total PCBs for Casc I and Case I1. respectively.
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Alrazine has a mean recovery time ol 1.32 vears for Casce atrazine in | vear is (.1. as seen in the complementary

I where the source rate is kept fixed at 0.1% (by loodwater  cumulative probability plot in Fig. 3. Atrazine Is the most
volume). The maximum recovery time for the same  soluble chemical in water among the three representative
conditions is 3 years. Given the boundary and initial  contaminants selected in this study. Decay within the
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Fig. 8. Analysis results for recovery

relatively larger volume of the water compartment and
outllow through tributaries allow flor rapid removal of
atrazine. For Case II, where the source rate is also
randomly selected, atrazine has a mean recovery time of
0.9 years. For Case 11, the probability of exceedence of
MCL value within a year has a higher value of 0.3. The
cumulative probability plot shows that atrazine will reach
MCL value within 3 years (Fig. 4).

[n Fig. 5. the mean time to recover from benzene loading
is 1.12 vears lor Case 1. The same figure also shows that
although there is a 60% probability of exceedence of | year
recovery lime for the benzene concentration to reach MCL
value, MCL value will be reached within 2 years. When
source rate 18 also randomly sampled. as in Case I1. the
mean recovery time is 0.8 years for benzene (Fig. 6). In this
case, the probability that benzene concentration will still be
higher than MCL value after the first vear is 0.2. In both
cases, since benzene is the most volatile among the three
contaminants. it is rapidly removed from Lake Pontchar-
train system. Based on the input data used here. Lake
Pontchartrain would recover from benzene contamination
within 2 years.

Time (years) Time (yoars)

ol Lake Pontchartrain from PCB load with an uncertain source rate,

PCB is the most hvdrophobic of the contaminants and iy
expected to stay in the system for the longest period of
time. As shown in Figs. 7 and 8, PCBs are indeed very
persistent. and stay in the lake system the longest period of
time. In Case I. with the fixed source rate. Lake
Pontchartrain requires n mean recovery time period of
100 years and maximum recovery time period of 400 vears
to clean itself from PCB contamination. For the conditions
considered in this study. the probability of exceedence {rom
PCB loading in 100 years is 0.4. For Cuse 11, the mean
recovery time period drops to 65 years. However. the
probability of recovery being more than 100 vears is still
high with a value of 0.15.

7. Conclusion

[n this study, an unsteady-state (ugacity model was
developed in order to examine the self-cleaning capacity of
Lake Pontchartrain from three potential contaminanis in
the floodwaters. Using this model, fugacity values and the
analogous contaminant concentrations in water. air. and
sediment compartments were calculated as a function of
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time. Monte Carlo analysis was performed as a part of the
developed model to reflect the uncertainties in the
parameters used in the solution of the model.

[t is obscerved that if the contaminant is hydrophobic. it
will resist exiting the system. However, il the contaminant

is volatile. it will stay in the system (or a shorter period of

time. The amount of contaminant load introduced into the

svstem 18 o crucial parameter in determining the time of
recovery, [n evaluating the terms that are uncertain, use of

Monte Carlo Simulation is an ¢éffective tool.

Although the model is designed o understand the
behavior of contaminants in Lake Pontchartrain alter
Hurricane Kairing, 11 has various other applications. The
model developed in this study offers a very simple yet
effective procedure 1o assess environmentul response in
surlace water systems, I can be used effectively in making
emergency decisions and in designing emergency response
scenarios us well as in analyzing the potential effect of cach
scendrio on the environment. The model is general. thus 1t
can be used Lo study the effect of any contaminant load lor
any shallow wuater system. The results would be very
informative for decision makers who are forced to find
solutions in very short time periods during emergences. It
can also be used proactively in advance ol natural disasters
to identily which chemicals may have the most severe and
longest-lasting effects. This would be very uselul m
planning stages of various emergency response scenarios.
[t can be used as a sereening level model to examine the
consequences ol short-term measures in emergency situa-
trons,

The analysis deseribed above could be very effective for
decision making and in preventing decisions that may lead
to long-term pollution of surface water systems, If the
results of this study were known at the time of Hurricane

Katrina. alternative solutions could have been considered.
One possibility would be the use of primary Lrealment prior
to discharging floodwaters into Lake Ponlcharirain using
large-scale portable treatment deviees. Thut measure would
have reduced the problem significantly rather than leaving
the cleaning to natural attenuation alone.
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Abstract

A rational water price system plays a crucial role in the optimal allocation of water resources. In this paper, a fuzzy pricing model for
urban water resources is presented. which consists of a multi-eriterin fuzzy evaluation model and a water resources price (WRP)
computation model. Various factors affecting WRP are comprehensively evaluated with multiple levels and objectives in the multi-
criterin fuzzy evaluation model, while the price vectors of water resources are constructed in the WRP computation model according o
the definition of the bearing water price index, and then WRP is caleulated. With the incorporation of an operator’s knowledge. it
considers iterative weights and subjective preference of operators for weight-assessment. The weights determined are more rational and
the evaluation results are more realistic. Particularly, dual water supply is considered in the study. Different prices being fixed for water
resources with different qualities conforms to the law of water resources value (WRV) itsell. A high-quality groundwater price
computation model is also proposed to provide optimal water allocation and to meet higher living standards. The developed model is
applied in Jinan for evaluating its validity. The method presented in this paper offers some new directions in the research of WRP.
¢/ 2007 Elsevier Ltd. All rights reserved.

Keywords: Fuzzy pricing model: Multi-criterion fuzzy evaluation: Urban water resources: Water price; Water resources value

1. Introduction

As one of most precious natural resources, water Is
indigpensable for human beings and economic growth. It is
also a matter of cost and value and not just quantity, which
cannol be exempt from the principles of economics
(Franklin et al., 2005). The crisis of water shortage has
aroused extensive attention in the history of human kind.
especially in recent decades (Gleick, 1993: Liu and He.
1999; Biswas. 1991). In China. with the rapid process of
urbanization, economic growth, and increase in popula-
tion. serious shortage ol water resources. threats of
flooding, and aquatic environmental deterioration have
become urgent issues. In response to these concerns, the
government has embarked on a large-scale investment

FCorresponding author. School of Civil & Hydraulics Engineering,
Shandong University, Jinan 250061, PR China. Tel.: + 86531 88393214;
fax: + 86331 §R3Y2845.

E-mail address: ranhang-zasdueduen (R. Zhao).

0301-4797/8 - see front matter © 2007 Elsevier Ltd. All rights reserved.
don:10.1016/] jenvman.2007.03.004

program fo increase the capacity ol groundwater and
surface water sources on the one hand, for Instance,
south-north water translfer projects (Liv and He, 1999;
Wang and Yang, 2005). On the other hand, much attention
has been paid to other alleviating measures such as
increasing water use efficiency. rainwater harvesting, and
water recycling, Water price is considered as an instrument
for satisfactory of water allocation. It has been proved that
improving water price system (Or promoting water sayving is
an important approach for maintaining the continuous
operation of hydraulic engineering and realizing sustain-
able development in urban waler resources and economy
(Rogers et al.. 2002: loslovich and Gutman. 2001;
Martinez-Espifieira. 2002: Amigues et al.. 1997; Wang and
Xu, 2003).

In the past, most cities and utilities in China have
provided waler Lo their customers almost [tec of charge as
a basic necessity because water was a relatively cheap and
abundant resource. Current water pricing is inefficient in
most utilities as prices are based on average embedded
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uiility cosis using historical accounting costs rather than
the effective economic costs. Most water utilities do not
consider factors such as the cyelicity of demands, the time-
of~use, and rcal water resources value (WRYV) (scarcity)
(Elnahoulsi, 2001).

Besides. the traditional way ol handling water supply
used for a long period in most cities in China, was
supplying water for all users by the standard for drinking
waler using one set of pipeline system. This old fashioned
way was efficient for the sitnation of less water demand and
single purpose. Now many changes occurred such as the
lack of high-quality water resources, the diversified uses ol
waler resources, and intensified water pollution. conse-
quently most of the water supplicd under the current
approach cannot satisfy the demand for high-quality
drinking water. So the quality-divided water supply is
necessary [or the security of drinking water. and high
efficient utihization of water resources.

Dual waler supply is @ new way that supplics water with
dilferent qualities to different users with various usc
purposes (Fen et al., 2004). The water supply system with
two kinds of pipelines is constructed. pipelines for high-
quality water (e.g.. groundwater) coming [rom advanced
treatment of mains water or raw walter with purge switches,
which supplies for spectal industrial water (e.g., medicine.
foodstull. and other special industry) and potable domestic
waler (e.g., drinking waler. bathing): and pipelines of the
current water supply system for lower quality water supply
for general industry, houschold water. and ecological
environment (Qin, 2002). Accordingly, the current water
price system must be reformed as dilferent prices are set for
water resources with different gualities.

Many studies have been conducted in water resources
price (WRP). The main reported models include shadow
price model (Franklin et al., 2003; loslovich and Gutman.
2001; van Soest et al., 2006; Wang et al., 1999), marginal
opportunity cost model (MOC) (Mann et al.. 1980: Mann
and Schlenger, 1982; Hanke, 1981: Turvey. 1976; Robert
and Richard, 1981a. b: Warford, 1997; Zhang. 2000), and
fuzzy comprehensive evaluation model (lang. 1998). which
offer alternatives for the evaluation of WRP, Recently, in
order to meet the growing demand and diversified purposes
for water. many investigators have increasingly researched
on fixing different prices for water with different qualities
(Hurlimann and McKa, 2006), These models have their
own merits and demerits (Jiang et al.. 1998).

Shadow price originated from mathematical program-
ming and has a long history in economics. It is often used
in optimization problems subject to constraints (Tinbergen,
1052, 1055; Schiffler. 1998). Recently. it has been developed
significantly in theory (Baumeardner. [991). In general,
four computation methods are used for solving shadow
price: linear programming. adjusting domestic market
price, adjusting international market price, and opportu-
nity cost method. In many applications these shadow prices
directly correspond to prices of goods or services in
particular future or current markets that, for one reason

or another, do not exist. While the applications in waler
resources (Jorgenson and Slesnick. 1983: Jorgenson, 1995:
Franklin et al.. 2005; loslovich and Guiman, 2001: van
Soest et al.. 2006; Wang et al., 1999) have some limitations.
Shadow water price can only reflect the degree of some
waler resources shortage and the relation between water
resources and whole economic benefit, it 18 remarkably
different from production price and market price and
cannot substitute WRV: as well as. it is very difficult to
obtain shadow waler price through adjusting domestic and
international market prices. and in practice it is almost
impossible to oblain shadow water price by solving a linear
programming.

Since Turvey (1976), there has been an extensive use of
MOC pricing methodology for water resources. MOC of
water consists of marginal water production costs (MPC),
marginal user costs (MUC), and marginal environment costs
(MEC) (ie., MOC = MPC + MUC + MEC) (Warlord,
1997). Generally, MOC pricing of water services can assure
the optimal allocation of scarce resources as it sends the right
signal to both investors and consumers. However. there are
some problems in the applications (Warford, 1997). 1t is
often difficult to estimate MUC and MEC, which may
involve prediction of costs of depletion or substitutes many
years hence. Moreover. WRP is involved not only
guantity. but also in qualitv. For example, wastewater
presents negative value while high-quality water indicales
high value.

A comprehensive fuzzy model was proposed by Jiang
(1998). Considering WRV system being fuzzy, Jiang (1998)
constructed a comprehensive evaluation matrix R [lirstly,
then calculated the comprehensive evaluation index 17 in
accordance with resident’s bearing capacity of water rafe,
and calculated WRP. The method is very mmporiant for
guantitative evaluation of WRV with the comprehensive-
ness and manecuverahility. But the evaluation model 18
linear and 1t is very difficult to embody the non-linear and
complexity relation of water resources system.

Water resources system is complex, fuzzy and compli-
cated, composed of three interactive parts of society,
cconomy and environment. [t has been found that the use
ol Tuzzy set theory coupled with multi-criteria recognition
methods 1s very promising (Wang and Xu, 2003; Li et al.,
2005: Chen, 2001, 2002; Chen and Wang, 2002). In this
paper. the fuzzy pattern recognition and iterative theories
will be described for the evaluation of WRP. and the
rational prices are proposed for urban water resources.
which embody the sell-characteristics and reflect the real
and dynamic values of water resources. An integrated
method. which amalgamates subjective preference of
operators (Le.. physical weight) and iterative weights
(mathematic weight). is presented for weight-assessment
as the weights determined are more rational and the
evaluation results are more realistic.

The paper is organized as [lollows. Following the
introduction section, the evaluation system of affecting
factors and indicators involved in urban WRP ig deseribed
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in section two. In the third section, multi-criterion fuzzy
pricing theory and model for urban WRR are presented.
In the fourth section. the price vectors of water resources
are constructed. A case study on the application of the
models 18 included in Section 3. with conclusions drawn in
Section 6,

2. Evaluating system of indicators involved in urban WRP

There are many influential factors involved in WRV. 1t
mainly includes three aspects: (a) social aspects: popula-
tion, policy. and historical culture: (b) economic aspects:
Gross National Product, structure of industry, scale and
level of development, and efficiency of water exploitation:
(c) natural aspects: water resources quantity and quality.
exploitation conditions, and degree of water environmental
degeneration. as well as probability of foreign water
resources utilization. The hierarchical structure of WRV
evaluation is listed in Fig. 1.

[t 15 difficult and maybe unnecessary Lo include all the
factors in WRP model. The influential factors should be
chosen according to uctual conditions (Jiang et al., 1998).
Meuanwhile. the lollowing four points should be followed
up: (a) entirety, all aspects influencing WRR should be
included: (b) delegate (characteristics). parameters chosen
must be primary factors reflecting the local characteristics.
The primary factors arc different in different places
resulting from that WRR is not separated and closely
related with local conditions of society, economy and
environment: (¢) independence, intensions of factors
chosen must not be overlapped or intercrossed: (d)
maneuverability. for the convenience of model use and
spread. the factors chosen can be reduced as far as possible
on the base of considering for delegate, in order to reduce
model parameters.

3. Multi-criteria fuzzy pricing theory and model for urban
WRR

Assume X = (X[, X2.....%;) be a finile set of n feasible
alternatives in WRV operation with m criteria to be
considered. then the decision-making matrix can be
denoted as X = (X),,,» Where xj; is the value of the ith
eriterion for the jth alternative for all /= 1.2.....m and
Sl B

Generally. there exist three types of criteria. namely:
excellent. inferior, intermediate, and can. respectively, be
normalized by the lollowing equations:

Xj — min; Xy
T max; .y — min; v
max, Xj — Xj i ;
A —————— vJ. 2)
l'ndx).‘ '\U —y l.'lf _\.r'lf'

Vj. (1)

it

=|_M . (3)

Fif — =
max;|x; — xi

in which r; is the relative membership of the jth alternative
attributed (o criterion {, max;xj; is the maximum value
regarding criterion i, min;x; is the mimmum value
regarding criterion . xy 18 the mid optimum regarding
criterion /. Using Egs. (1}+(3), the decision-making matrix
can be normalized into the lollowing relative membership
maltrix:

R — “‘f'.?' J“mxn'

On the basis of m criteria, the alternative sct can be
assigned into ¢ rankings with a membership function.
Usually, for any criterion. as lar as luzzy superiority is
concerned, the relative membership of the superior ranking
{ranking 1) associated with superiority is preseribed to be |,
while the relative membership of the inferior ranking
(ranking ¢) is preseribed to be 0. Due to the medium
transitivity of fuzzy soperiority. the relative memberships
from ranking | to ranking ¢ are linearly decreasing (rom |
to 0. and the difference between the consecutive rankings is
assumed to be A4=1/(c—1). For any criterion, the
standard relative membership vector is expressed as

% 3
5:(1.{—.‘ ..... n)::m
c—1 -1 :

forall h=1,2,....¢. (4)

the relative memberships of the jth alternative
Pij T3, -. Ty are compared with vector expression (4)
one by one, the intervals between consecutive rankings of
the relative memberships are |ay. by ). las. byl..... and
[@py. Byi ). the ranking upper limit value f; and lower limit
value a; of the jth alternalive are as

up = min; ay,

(5)
b; = max; a.

Let the relative membership grade matrix of the alternative
set belonging to all rankings be

it By e Hn

Upp Uy e Uy _
L"’ — i ; % ‘ = {”ff,f'}t-;(” {h]

ey Moz -0 Hpn

in which iy 18 the relative membership grade of the jth
alternative belonging to the /Ath ranking for all &=
¥ 2 e and =12 .

Due to jth alternative following the range |a;.0;]. the
above matrix satislies the following normalized condition:
.Y

> u=1. (7)

h=u,

For all n alternatives belonging to ¢ rankings. the matrix U
also satisfies the normalized condition,

iﬂf{j =ik (8)

h=1
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Considering a; = 1. hj< ¢ and the constrained conditions (7)
and (8), the Eq. (9) can be obtained

up =0 and h<a; or f(=b; o)

Let the eriteria weighting vector be defined as lollows:

e

s W), Z wp =1 ¥j.

=1

= (W1 Wi os (10)

then the dilference between the jth alternative and the /Aith
anking can be represented as the following weighted
distance:

12

i

dyy = Z[u)_;[!'{; — & )]:

i=l

(11)

Eqg. (11) shows the difference between the jih alterna-
tive and /ith ranking considering the objective weights. For
the improving description. weighting generalized and
weighted Euclidean distance is used to express the
difference

i
m L

" n
Dy = iy = Uy Elwﬂf i =Sl .

i=]

(12)

where the objective weights and relative membership grade
1 are both considered.

[n order 1o obtain the relative membership grade of the
Jth alternative belonging to Aith ranking, the following goal
function 18 constructed:

ming F, W) = Z Df@;

A=1

(13)
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. The hierarchical structure chart of WRY evaluation.

Based on Eq. (13) and constraint conditions in Eqgs. (8) and
(10). the following Langrange function is eslablished:

¢

Z uy — 1

fr=1

Lty wis Ay Aa) = ZDM
=1

m

—As Z Wi —1

(14)

where 4y and ZA; are Langrange multipliers. Solving the
equations
oL

al-r“j B

oL oL
— =0, =
az

511';
the following multi-eriteria fuzzy recognition models arc
obtained:

aL

=
(eF5]

=, =i, (15)

1
M = —— & (16)
M T
TS bty s
= l (17)

— A
m Z‘r:l._au l[”m L AIRE '\‘h)]"
=l 2

Z;_; f_,n:_l [ttgy (rip — 53]

The Eqs. (16) and (17) are the fuzzy patltern recognition
and iteration formulas used to comprehensively evaluale
water resources with multi-eriteria. It is obvious that, if
¢ =2, the proposed models will be degenerated into the
fuzzy optimization models used in Chen (2002).

The computational steps above seeking WRI with
multi-criteria evaluation can be obtained as [ollows;

Step (1) According to the '.-\fft:cting [actors invelved in
WRP and the characteristic values of evaluation indexes
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establish the decision-making matrix X of fuzzy mult-
criteria evaluation and normalize it into relative member-
ship matrix K;

Step (2): Randomly specily the initial weighting vector
B (W w )T, satisfying w?>0 and Y w) = 1,
provide the precision ¢ for w; and let / =0

Step (3): According to w!. compute the corresponding
membership grade matrix uﬁ by Eq. (16) and write it as:
= (;11, ué, i ,af,);

Step (4): According to u/, calculate weight vectors w
by Eg. (17):

Step (5): If |}1ux]g,gm]n!ﬁ"'] - u{lgé, turn nto step (6):
otherwise, turn mto step (3) and let / =/ + 1:

Step (6): w''" obtained are mathematic weight vectors
wy, the model can assign the physical weight vectors w,
according to the practical condition. and then, obtain the

synthetic weight vectors as
Hr{ = ﬁ“rl\' + (I == ﬁ]H._v~ (18]

where ff is the sensitivity coeflicient ol weights, 0<fi<1.

Step (7): Integrated weight vectors can be obtained with
sensitivity ceefficients of weights. If the compositors of
mathematic and physical weights are consistent. then the
value of ff can be given in [0, 1] with equal difference. one
can gel a set of synthetic weight vectors, and get the final
synthetic weights by averaging the synthetic weight vectors:
if’ the compositors of mathematic and physical weights are
inconsistent, according te the principia that the composi-
tors of objective weights of synthetic and physical weights
are consistent, a sel of synthetic weight vectors can also be
obtained from synthesizing physical and mathematic
weight vectors with available sensitivity coefficients of
weights, and the final synthetic weights can be obtained by
averaging synthetic weight vectors:

Step (8): Substitute the final integrated weight vectors
into Eq. (16) directly, and calculate the relative degrees of
membership r:ﬁ" for all objectives.

I+

4, Calculation model of urban WRP vectors

The price vectors are decided by the social bearing
capability. The bearing capability is the capability. includ-
ing matter and psychology, that people still can keep the
normal state under the stimulation from some signals (Gu
et al,, 2002; Jiang et al., 1998).

The bearing index k of water rate is used to express the
social bearing capacity on WRP. The bearing index k is the
proportion of the payment for water to the real income.
expressed by the following formula:

= T (19)
in which O is the payment for water rate. [ is the real
mcome, and & is the bearing index of water rate. The World
Bank and some international lending institutions figured
out that it is a practical and feasible criterion for industrial
water to take 2-3% of industrial output as water rate as

Economic and Social Commission for Asia and the Pacifie
suggested that the payment lor water rate should not
exceed 3% of household income (Jiang et al., 1008). In this
paper. the upper limit of & is prescribed to be 3%.

4.1, Urban WRP vectors computation

The upper limit of WRP is the price when the maximal
bearing index 1s arrived. which is denoted as the lollowing
formula:

PH"| = Kuux ® !/C b (20)

in which, Py, is the upper limit of WRP. K., is the
maximal bearing index. (' is8 water consumption. So the
WRP is in the range of [Py, 0]. According 1o the actual
condition, the range [Py, 0]. can be separated and taken as
price vectors with the different ranges. for example. the
equal difference, then, water resources price vectors arc
denoted uas

P=(Pw, .., 0) (21)

Combining the price vectors proposed with Egs. (6). (16)
and (17), the relative membership grades caleulated in
fuzzy pattern recogmtion model above. which are dimen-
sionless and vector values. can be transferred into
corresponding WRP which are scalar values. The expres-
sion can be obtained as

V="UsP". (22)
In Eq. (22), urban WRYV is embodied by the prices.

4.2, Urban WRP vectors computation for dual water supply

In order to clearly, directly and synthetically reflect the
social bearing capacity in groundwater resources price with
high quality, the WRP vector of dunal water supply is
structured:

Pp, =Py, =APr; 1=12, ... m. (23)
then
Pp = (Pr . Pry....PF,) (24)
and
APp = Pp J(m— 1), (25)

in which Pg, is social bearing capability te prices of high-
quality water resources (i.e., the general bearing capability
of all the departments using high-quality water, including
resident, service business for food and drinking. as well as,
special industries). Py, can be calculated by
Py = WK\ 1/(365 x Ni)+ 10000 WK /N

10000 3 K5/ Ny, (26)
where K|, K, and K are the coefficients of bearing
capability for resident. special industry and service business
for food and drinking. respectively, &y is the necessary
water consumption of high quality per capita per day, N,
and N5 are the water demands of output values of 10000
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Yuan for special indusiry and service business. respectively.
Wi, Wy and Ws are ratios of high-quality water demands
and the total water demands of resident. special industries
and service business for food and drinking. respectively. 7 is
average per capital disposable income.

The computation model of high-quality WRP for dual
water supply can then be obtained:

Vi=UrePF. (27)

3. Case study in Jinan city

AS 1he capital of Shandong province of China, Jinan is a
fumous city for many springs of different types. However,
with the development of society and economy. there exists
serious shortage in walter resources, and the contradictions
between supply and demand are becoming more and more
serious. So the research about the reasonable prices has
practical meaning and far-reaching effects for settling
waler resources shortage, keeping the various springs
gushing, renewing the connotation in spring-city, and
improving the people’s husbandly consciousness.

3L WREP computation for general water resources

3. 1.1 Selection of affecting factors of WRR

According to above principles and Jinan's actual
conditions. seven main factors are chosen in the model
used in this paper. They are: water quality (to reflect the
local quality of water resources). water quantity (to reflect
the local guantity of water resources). per capita disposable
income (to reflect the economic level ol the native), gross
national product (to reflect the requirement of water and
development level of economy). population or population
density (to reflect soctal factor and domestic demand).
aquatic environmental degradation degree (1o reflect the
states ol water resources development and utilization)., and
availability of replacement resource (to reflect the possibi-
lity of foreign water resources).

5.1.2. Mulii-criteria fuzzy evaluation on WRP factors

Water guality data (in 2000) are taken as a case to
cxplain the determination of membership grade vectors.
The municipal water supply sources in Jinan mainly
imclude Wohu mountain reservoir-Jinxiuchuan reservoir,
Que mountain reservoir. and Yuqinghu reservoir. The
water quality index ol the four water sources are selected to
reflect the local water quality, the monitoring data of 10
substances, such as, DO, BOD, COD etc., are taken as the
basic data (Jinan Statistics Bureau, 2001), then character-
istic vulue mutrix of the objective set is as X = (X5) 0,4
and the relative membership matrix can be obtained as
R =(rj)p.s by using normalizing Eqs. (1)-(3).

Referring to national standard of environmental quality
for surface water (GB-383%-8R) used currently in China,
water quality is divided into five levels (le.. ¢=235),
with Eq. (4). the relative membership vectors ol the

standard objectives can be obtained as S = (sy). for all
h=1.2,...,5. Taking initial weight vectors as u" = (v,
s vesmEYT zlﬁ,ll”.....ﬁ)T. substituting Rj. S and the
weight vectors w' into Eq. (16). and making the loop
iteration computation according lo the steps above,
mathematic weight wvectors w, are obtained unul
max i<Wl —wl|<d (in this paper, d=0.0001). The
physical weight vectors wy, can be obtained on the basis of
various opinions of relative experts and others. The
integrated weight vectors W are obtained from sensitivily
coefficients of weights with Eq. (18). Substituting W into
Eq. (16). the relative degrees of membership 7 = (1) can
be obtained.

Then, according to the difference of service discharge in
the four water heads, the situation ol water quality in Jinan
is caleulated by weighted mean using the supplied
proportion as weights, here, calculation process is omitted.

The relative membership degree vectors of water quality
calculated are as follows:

Uy = (0.548,0.182.0.135,0.135.0.000).

Similarly. the standard of per service discharge is deter-
mined by water-stress index (e.g.. Malin Falkenmark), and
per capita gross national product is classified and ranked
with the bases of statistic data in statistical yearbook of
China (Wang and Xu, 2003).

Then the relative membership degree vectors of the other
six factors above are as follows:
Us =(0.102,0.701, 0.197, 0.000, 0.000).
Us = (0.000,0.000,0.109,0.891,0.000),
Uy = (0.000,0.000,0.818,0.182,0.000),
Us = (0.000,0.000,0.000,0.793.0.207).
Ug = (0.598.0.402,0.000,0.000,0.000),
Uz = (0.000,0.299, 0.497.0.204, 0.000).

The relative membership degree matrix of all factors for
WRP is as follows:

0548  0.182  0.135 0.135 0.0007

0.102 0,701 0.197 0.000 0.000

0.000  0.000 0.109 0.891 0.000
R= | 0.000 0.000 0818 0.182 0.000

0.000 0.000 0.000 0.793 0.207

0,398 0.402 0.000 0.000 0.000

| 0.000  0.299 0497 0.204 0.000 |
Taking initial weight vectors as w® =l n5.....
'.1,:L]T={—‘,%l%%,%5]r substituting R. § and the

weight vectors w' into Egs. (16) and (17). making the loop
iteration computation according to the steps above, fuzzy
synthetic evaluation vectors ol water resources in Jinan are
obtamed as

U = (0.234,0.490, 0.205,0.071,0.000).
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S5.L3. Caleulating WRP V

It is crucial in the WRP vectors determination to
determine the upper limit of the price. In 2000. the average
amount of water consumption is 110 L per day per capita,
and the actual disposable income per capita is 8471 Yuan in

Jinan (Jinan Statistics Bureau, 2001); if the bearing index of

walter rate lor domestic water is 0.03. then the upper limit
of WRP according to Eq. (20) is as follows:

Pw, = Knax o [/C =0.03 x 8471 /(110 x 30 x 12 x 0.001)
= 6.42 Yuan/m®.

Then the number 6.42 is divided equally. The equal
dilference is 1.005. so the vectors of WRP are as

P =(0.420.4.815,3.210, 1.603, 0.000).
With Eq. (22), WRP in 2000 can be obtained as

IV = (0.234.0.490.0.205,0.071, 0.000)
e (6.420,4.815,3.210, 1.605.0.000)"
= 4.63 Yuan/m".

J.1.4. Result analysis

Comparing the WRP 4,63 Yuan/m® obtained above with
data in 2000 with the result of 4.88 Yuan/m® (Hu et al..
2003). the two results are nearly consistent. While the
actual water price in 2000 is 1.75 Yuan/m?. water rate only
accounts for 0.9% of the residen!t real income, which is
much less than 3% proposed by ESCAP. The comparison
indicates that the current price is on the low side. resident
bearing capacity on increasing water price can be further
heightened.

During the last decade many studies have been devoted to
identifying the response of water demand to price (Shin,
19835: Nieswiadomy and Molina, 1988, 1989: Opaluch. 1982,
1984; Chicoine and Ramamurthy, 1986; Billings. 1982;
Hewitlt and Hanemann. 1995: Corral et al., [998; Pint. 1999;
Martinez-Espifieira. 2002), indicating that water price
changes have a measurable effect on aggregate water
demand. For example, marginal price elasticity lies between
—0.12 and —0.17 (Martinez-Espifieira. 2002), own-price
elasticity ranges from —0.15 to —0.52 (Nieswiadomy. 1992
Nieswiadomy and Molina, 1989:; Billings. 1987: Moncur,
1987; Agthe et al.,, 1986) for urban areas as in California
own-price elasticity ranges from —0.22 to —0.37 (Renwick
and Archibald, 1998 Berk et al.. 1980).

Assuming own-price elasticily being —0.22. implying a
10% increase in price will reduce the aggregate quantity
demanded by 22%. The increase in price from
[.75 Yuan/m?® in practice to 4.63 Yuan/m’ calculated
above, would reduce the water demand by 36.3%. That
is, the water demand would be reduced to 79.18 % 10 m’
from 124.30 x 10°m* in 2000 in Jinan city. Therefore, the
rational prices for water resources are very important for
water saving and the relief of water resources shortage.

5.2. Fuzzy model of water pricing for dual water supply

The implementation of dual water supply and fixing
a high price for high-guality water (groundwater) maybe
an effective way for realizing the “semblance™ (spring
eushing) and the “connotation™ (people in the citv
can drink high-quality groundwater) of the spring city
being consistent. and
spring city. as well as
resources.

visualization  of
walter

restoring the
reducing pressure in

3.2.1. Selection of the influential factors

According to the practical conditions, five main
factors are chosen in the model: water quality, water
quantity. per disposable income, degree ol aqualic envir-
onmental degradation. and availability of replacement
resource.

5.2.2. Multi-eriterion fuzzy evaluation for dual water supply
Using the same procedure as 5.1.2, the relative member-

ship degree vectors of the five factors arc as [ollows:

Uy = (0.548.0.182,0.135,0.135,0.000).

Uy = (0.892.0.108, 0.000, 0.000. 0.000).

U5 = (0.000.0.000,0.109,0.891. 0.000).

Uy = (0.486,0.149.0.000,0.000, 0.000).

Us = (0.000, 0.000, 0.000, 0.793,0.207).

The relative membership degree matrix of all factors for
WRP is as [ollows:

0.798 0.202 0.000 0.000 0.000
0.892  0.108 0.000 0.000 0.000
Ry = [ 0.000 0.000 0.110 0.890 0.000
0.486 0.514 0.000 0.000 0.000
0.851 0.149 0.000 0.000 0.000
Taking initial weight vectors as w”=(w}.wi....,

11'1:1)1.=(%,%,.‘..%]T. the loop iteration computation is
made again according to the steps ahove and fuzzy
synthetic evaluation vectors of water resources in Jinan
are obtained as

Up = (0.6814, 0.1468, 0.0430, 0. 1288, 0.0000),

5.2.3. WRP Vg calculation

The per capita disposable income is 8.471 Yuan,
groundwater exploited is 387.81 x 10°m?, in which in-
dustrial water is 203.67 x 10°m® accounting for 52.5% of
the total water, domestic water in city is 92.03 x 10%m?
occupying 23% of the total. and farm irrigation and
domestic water are 92.11 x 10°m® taking 23.8% in 2000
(Jinan Statistics Bureau, 2001). The highest social bearing
capability to the high-quality groundwater can be calcu-
lated with Eq. (26) as 0.139 Yuvan/L. So the price vectors
are as

Pr=(0.139,0.104, 0.070,0.035, 0.0D0),
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Substitwting Up and Pr imto Eg. (27), high-quality
aroundwaler resources price in 2000 can be obtained as

Vr=Upe P} =011730 (Yuan/L)= 117.50 Yuan/m".

524 Result unafysis

From the above results computed, one can point out that
high-quality egroundwater resources price is quite higher
than these of general water resources. Comparing it with
the prices of L‘pum water” and “‘mineral water” for sale at
present. it is obviously smaller than those. Therefore. from
the water price’s point of view, dual water supply muay be
accepled at a certain degree.

Besides, with dual water supply operation. on the one
hand, fixing a higher price lor high-quality groundwater in
spring area can be propitious for protecting groundwater
and springs, al the same time. resident of the city is able to
drink high-quality water. On the other hand, fixing the
lower prices for the general waler resources used in
industry, enyironment and living for no drinking can
reduce the mfuence of water prices on social bearing

capabilities. and realize the sustainable developments of

water resources and social economy.
6. Summary and conclusions

This paper presents a fuzzy pricing approach to fix prices
for urban water resources, based on fuzzy pattern
recognition and iterative theories. The methodology can
be summarized in four steps: (a) sclect and evaluate the
Factors alfecting WRP using the fuzzy theory of multi-
criteria evaluation: (b) compute the relative membership
degree matrix of all factors and determine the initial weight
veetors: (c) make the loop iteration computations and
obtain the fuzzy synthetic evaluation vectors of water
resources; (d) construet WRP vectors and calculate WRP
aecording to the bearing capacity ol water rate. The case
study at Jinan city in Shandong province of China
illustrates the developed method.

The method presented in this paper oflers some new
dircctions in the research of WRP. [t embodies the
characteristics of WRV (including complexity. fuzziness
and development). overcomes the limitations of traditional
model  of luzzy comprehensive evaluation in which
optimization eriterion parameter z and distance parameter
powere both taken as 1, and portrays the non-linear and
complexity relation of waler resources system. With the
imcorporation of operator’s knowledge. it considers itera-
tive weights and subjective preference of operators for
weight-assessment. The weights determined are more
rational and the evaluation results are more realistic.
Particularly, we propose that dual water supply should be
adopted and fixing a higher price for high-quality water
(zroundwater).

For the case study. the prices are calculated using the
data in 2000 at Jinan city as static values. Considering the
dynamics of the factors affecting WRP such as water
quality, waler quanlity, and others, the different prices

under different conditions can be calculated with the
method proposed by modifying the criterion relative
membership vectors through altering the criterion char-
acteristic values. Therefore. this method is possible to
consider the dynamics of WRP system with various fuctors.

The dual water supply is one of the important measures
for optimal water resources allocation. The pricing model
for dual water supply proposed in this paper is based on
the full consideration for various users’ social bearing
capability and demand of high-quality groundwater,
Different prices being fixed for water resources with
different qualities conforms Lo the law of WRYV sell. These
prices computed in this paper can decrease the adverse
impact ol environmental pollution. reduce water treatment
load, reduce the hidden danger of drinking water security,
and avoid the waste of high-quality water.

The results indicate that the fuzzy model of lixing prices
for urban water resources is practical and can be applicd to
other similar cities.
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Abstract

This paper describes the development of a methodology to theoretically assess the stormwater pollutant removal performances of
structural best management practices (BMPs). The method combines the categorisation ol the relative importance of the primary
removal processes within 15 different BMPs with an evaluation of the ability of each process to remove a pollutant in order to generate a
value representing the pollutant removal potential {or cach BMP. The methodology is demonstrated by applying it separately to a set of
general water quality indicators (total suspended solids. biochemical and chemical oxygen demand. nitrates, phosphates and faecal
colitorms) to produce a ranked list of BMP pollutant removal efficiencies. Given the limited amount of available monitoring data
relating to the differential pollutant removal capabilities of BMPs. the resulting prioritisation will support stakcholders in making urban
drainage decisions from the perspective of pollutant removal, It can also provide inputs to existing urban hydrology models. which aim
to predict the treatment performances of BMPs. The level of resilience of the proposed approach is (ested using a sensitivity analysis and

the limitations in terms of BMP design and application are discussed.

iy 2007 Elsevier Lid. All rights reserved.
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1. Introduction

The EU Water Framework Directive (WFD) (EU, 2000)
identifies the control of diffuse pollution as a key Factor in
enabling good ecological status to be achieved in aquatic
systems and therefore represents a clear driver [or the
review of current stormwater management practices. The
conventional drainage approach to managing stormwater
(lows invelves the direct removal of surface water through
a series of pipes Lo the nearest watercourse Lo prevent local
fooding. with little atiention being paid to stormwater
quality or its impact on receiving waters. However, the
issue of urban water quality is increasingly taking centre
stage and associated with this s a greater interest in the use
ol stormwater best management practices (BMPs). These
represent a diverse range of source control procedures,
which integrate stormwater quality and quantity control as
well as enabling social and amenity perspectives to be

"Corresponding author. Tal: +44208411 §308: fax: +44 208411 5440,
E-mail address: muorevitt@mds.ac.uk (DM, Revitt),

0301-4797/8 - see front matter ) 2007 Elsevier Ltd. All vights reserved.
doi L 106/ jenvman.2007.03.003

incorporated into stormwater management approaches.
The term "BMPs’ covers a wide range of structural systems,
all of which have the ability to improve stormwater quality
and attenuate flow volumes through a combination of
biological, physical and chemical processes.

1.1. Selection of BMPs

There are a wvariety of approaches and guidelines
available for selecting the most appropriate type of BMP
for a particular site with, for example, many states/counties
in the USA having their own stormwater design manuals
(e.g. Maryland Department of the Environment. 2000).
Typically, these make recommendalions in relation Lo
calchment=specific factors such as soil type. available space.
capacily lo store a design storm evenl, operation and
maintenance requirements and cost (CIRIA, 2000, 2001).
In contrast, the potential for specific types of BMPs to
remove a partlicular pollutant of concern. or cven Lhe
treatment efficiency of BMPs in general, is rarely, if ever,
used as a diseriminatory criterion. However. as a result ol
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the implementation of the EU WFD, and the increasing
importance of pollution reduction accountability in the
context of River Basin Management Plans. knowledge
relating to the ability of different BMP systems to remove a
particular pollutant is becoming a prime requirement.

A range of urban hydrology models are available which
incorporate assessment ol the performance of BMPs as
part ol the drainage network. although these simulations
are primarily based on an evaluation of their hydraulic
behaviour. An appropriate example is InfoWorks CS.
which models the hydraulic behaviour of BMPs such as
soakaways, infiltration trenches. swales and permeable
pavements. Additionally, it contains a water quality
module which can feedback into the hvdraulic simulation,
but this relates primarily to the modelling of physical
processes. such as sediment build-up. te support pollution
control through the identification of CSO problems rather
than contributing to the prediction of pollutant removal
treatment efficiencies in different BMPs (Wallingford
Software. 2006). The Storm Water Management Model
(SWMM) integrates BMP hydrological modelling with a
consideration of the associated treatment performance
(EPA, 2006). However, Lhis requires operalors lo inputl
their own BMP removal efficiencies, which in the absence
of field data would need to be estimated.

A model which more specifically addresses the role of

BMPs by incorporating ponds. bioretention systems,
infiltration buffer strips. sedimentation basins. pollutant
traps. wetlands and swales into stormwater management
strategies is the decision-support model MUSIC. Model for
Urban Stormwater Improvement Conceptualisation (CRC,
2006). MUSIC models BMP performances using algo-
rithms originally developed for Continuously Stirred Tank
Reactors (CSTRs) with different numbers of CSTRs being
used to mimic different Lypes ol BMPs. Pollutant removal
is evaluated using the A—C* model modification of the
first-order kinetic uptake model developed by Kadlec and
Knight (1996) to predict the removal of BOD in wetlands.
The selection of appropriate values for the first-order rate
constant (k) and the background pollutant concentration
(C*) are therefore of critical importance in robustly
predicting  pollutant removal. However, because the
removal processes which occur in BMPs are highly
heterogencous in terms of both space and time (for
example. physical processes may dominate during storm

cvents with biological and chemical processes being of

greater importance in the longer term), choosing a single *&’
value which covers all these variables is extremely complex.
The selection of C* is also preblematic as it may vary
arveatly in relation to factors such as variations in the time-
period between storm events and rainfall intensity. A range
of default *&" and C* values, based on considerations of the
relevant physical processes. are provided within the model
for total suspended solids (TSS). total phosphorous and
total nitrogen for seven different BMPs. Users are
recommended to select [rom a range of values (e.g. *k
values from 500 to 5000 m year ' for TSS removal within a

wetland) based on factors relating to the specific BMP
characteristics and a sensitivity analysis to determine the
impact of varying & and "C* values on overall treaiment
performance. Such a pragmatic approach is necessitated by
the current lack of comparable data on pollutant removals
across the many different types of BMPs and indicates the
need for a fuller investigation into the relative contribu-
tions of the pertinent biological, chemical and physical
processes.

As a contribution to meeting these identified nceds, this
paper describes the development of a systematic approach,
based on fundamental scientific principles. for the predic-
tion of the comparative pollutant removal potentials
operating within a range of BMPs. The results can be
utilised to inform the selection of & values which integrate
biological, chemical and physical processes within model-
ling routines. such ags MUSIC, as well as contributing to
the wider decision-making framework which typically
involves the consideration of a diversity of factors ranging
from catchment size to rainfall-runoff ecoefficients and
costings. Hence. the approach described in this paper is not
meant to be used as a stand-alone procedure, but one
which can contribute to stormwater management decision-
making processes with respect to the control of the
discharge ol specific substances to receiving water bodies
until further field data becomes available. Full details on
the development of this novel approach are presented,
together with its application to TSS. BOD, COD. nitrates,
phosphates and faecal coliforms. Results of this procedure
are critically discussed and compared. where possible. Lo
observed field data and the wvalidity tested through a
sensitivity analysis.

2. Unit removal processes in BMPs
2.1, Identification and controlling faciors

The performances of individual stormwater BMPs may
vary from site to site in relation to variables such as design
specifications, local hydrologic and climatic conditions,
and system age (e.g. Ellis et al.. 2003). In developing the
described methodology, the BMP-type descriptions are as
outlined in Table 1. In addition, the individual BMP
devices are assumed to be operating at their design
efficiency and to be functioning on a ‘stand-alone’ basis,
i.e. not part of a hybrid treatment train. The vulnerability
of the treatment potential to variable hydraulic conditions
has been tuken inlo account by incorporating the impact of
extreme events inte the predicted efficiencies of the
identified removal processes within different BMPs. The
possible impacts ol variables, such as system ageing, are
partially incorporated through the inclusion of how the
different removal processes are likely to be maintained
throughout the lifetime of 4 BMP.

The primary biological, chemical and physical processes
associated with pollutant removal in structural BMPs are
identified in Fig. | and reflect the lundamental unit



L. Scholes et al | Jowrnal of Envirowmental Management 8§ (2008 ) 467478 469

Table |
Daseriptions of different structural BMPs

Jysienm Lype Description

Gravelled trench systems where stormwater can dram
through the gravel to be collected in a pipe; unplanted
but host o algal growth

Filter draims

Open graded powdered ‘crushed stone with binder:
high void ratio; no geotextile liner present

Porous asphalt

Continuous surface with high void content, porous
blocks or solid blocks with adjoining infiltration
spaees: an associated reservolr structure provides
storage; no geotextile liner present; host Lo algal
growth

Pﬂrﬂ us Pil Y 'EI] B

Sedmmentation Symmelrical concrete structure contiining
tank appropriate depth of water to assist the settling of
suspended solids under quiescent conditions

Grassed or vepetated strip of ground that stormwater
Hows teross

Filter strip

SQwales Vegolaled broad shallow channels for transporting
stormmwiter
Soakaways Underground chamber or rock-filled volume:

stormwater soaks into the ground via the base and
sides: unplanted but host to algal growth

Infiltration trench A long thin soakaway: unplanted but host to algal
srowth

Infiltration basin  Detains stormwater above ground which then soaks

away into the pround through a vegetated or rock base

Contain some walter ab all times and retains incoming
stormwiter; frequently with vegetated marging

Retention ponds

Detention basms  Dry most of the time and able 1o store rainwiter

during wel conditions; ofién possess a grassed surface

Cxtended
dettention basin

Dry most of the tme and able to store rainwater
during wet conditions for up to 24 h; grassed surfuce
and may have a low basal marsh

Pond designed lor the settlement of suspended solids:
(ringing vegetation can sometimes oceur

Lagoons

Constructed
wetlands
e Sub-surlace Typically contain a gravel substrate. planted with
How reeds, through which the water lows
e Surface flow  Typicully contam a soil substrate, planted with reeds.
over which the water Aows

Vegatated system with extended retention time

operating processes (UOPs) familiar to traditional water
and wastewater engineers. This LJOP approach provides an
alternative, and more radical, methodological basis for the
sclection of BMPs, but one which is being more widely
considered within stormwaler engineering (Quigley et al..
2005; Scholes et al.. 2005). Fig. 1 shows how these
fundamental UOP behavioural properties can be integrated
with pollutant-specific characteristics to develop a com-
bined value, which represents the potential for a specific
pollutant to be removed within a particular BMP system.
Repetition of this procedure for each BMP enables a
combined value to be developed which represents the

relative potential for ench BMP to remove the pollutant
under consideration. These combined values can then be
ranked in a descending order to generate a hierarchy of
BMPs with regard to removal of the specific pollutant of
concern. which can also be used to support the relative
selection of *A” values lor use in stormwaler managemenlt
modelling.

The primary pollutant removal mechanisms found in
BMPs can be divided into two calegories depending on
whether they result (i) in the direct removal of a pollutant
from the water column (e.g. settling: adsorption to
substrate; microbial degradation: filtration; plant uptake;
volatilisation and photolysis) or (ii) whether they con-
tribute indirectly to the removal ol a pollutant (e.g.
precipitation; adsorption to suspended solids). The indirect
processes contribute to the overall removal of pollutants hy
occurring before processes such as settling or filtration.
Adsorption to suspended solids will be controlled by
factors such as the particulate surface area and surlace
composition. The latter influences the extent of physical
adhesion and/or chemi-sorption with the presence of
coatings of organic matter particularly affecting the
adsorption of organic pollutants. In contrast, precipitation
is mainly controlled by variations in the temperature and/
or the chemical composition of the water although both
processes are assisted by the existence of still as opposed to
turbulent conditions.

2.2. Relative importance of the different BMP removal
processes

Currently, there is only limited field data available lo
describe the differential pollutant removal capabilities of
BMPs and in the absence of experimental results, it is
appropriate to consider a theoretical approach as a
pragmatic contribution to managing the uncertainties
associated with this acknowledged data gap. This can be
achieved by utilising existing knowledge at the UOP level
to predict the primary removal mechanisms which occur in
each type of treatment system and making informed
judgements aboul the comparative importance of cach
removal process on both intra- and inter-BMP system
bases, The adoplion ol such a prioritisation approach is
commonly applied as part of risk management procedures
and has been initiated in this study by designating the
relative importance of each removal mechanism within
specific BMPs uas being of either:

® high importance, i.e. considered to be a dominant
removal process within the BMP;

e medium importance, i.e. a process which contribuies
significantly to the overall BMP pollutant removal
capability:

® low importance. i.¢. a process which makes only a small
contribution to pollutant removal or

e not applicable (NA) where it is not relevant o a
particular BMP option.
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FUNDAMENTAL UNIT

I

PROCESSES
Physical Physi:m- Biological
rocesses cicaiical rovessas
S processes HRE

= Settling
* Filtration
» Volatilisation

* Adsorption

* Flocculation

* Precipitation
= Ton exchange
= Photolysis

* Plant and algal uptake
» Microhial degradation

Influencing BMP Characteristics
Dry and wet areas/volumes: Retention and
drain down times: Surface exposure imes;
Hydraulics/IlTow attenuation; Vegelative,
algal and microbial components: Presence of
sorption sites/ nature and pore sizes of

Pollutant Behaviour
Susceptibility of a
particular pollutant to the
identified processes (see
Tables 2 and 3),

of acrobicianaerobic conditions

substrate; Potential for infiltration; Existence

Identitication of the
potential pollutant
removal efficiency

within a specific BMP

Fig. 1. Fundamental um! processes in relution to BMP characteristics and pollutant hehaviour,

Where appropriate. these functional categories are
further subsdivided into medium/high and low/medium
but it is not considered justifiable to introduce additional
sub-classifications. Developing such a systematic approach
to support decision-making in the absence of existing data
requires the use of expert judgement as a basis for assigning
rankings and is therefore a subjective process although
cxpericnce gained In the waslewaler-engineering field
provides a sound basis for UOP characterisation. There
are also many areas ol professional practice such as
occupational risk management, where a combined data/
professional judgement approach to decision-making is
necessary due to operational demands. Embedded within
the use of this approach is the understanding that. where
expert judgement forms a significant part of the ranking
procedure, it is recommended thal wider participation
should be considered (CERM. Risk Ranking, 1997). The
rankings identified and assigned to the various removal
processes presented in this paper reflect both the opinions
of the authors and collaborative partners and end-users

associated  with  the completed DayWater project
(DayWater, 2002). The premises on which the rankings
have been assigned are clearly stated to facilitate lurther
discussion and consultation and to assist the development
of a more refined and explicit framework, where this is
required.

2.3, Descriptions of the identified unit operating processes

2.3.4. Adsorption to substrate

Adsorplion to substrate refers to the physico-chemical
adherence of pollutants to an artificial substrate (e.g. the
gravel matrix of a filter drain), a natural substrate (¢.g.
vegetation within a swale) or an introduced substrate (e.g.
the deposited benthal sediment within a detention pond)
and is influenced by those [actors previously described for
adsorption to suspended solids. It 1s an important poiential
removal process in filter drains. porous paving (with
underground reservoir) (Legret and Colandini. 1009),
sub-surface flow (SSF) constructed wetlands, infiltration
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basing, soakawavs and infiltration trenches due to the close
contact achieved between stormwater and substrate surface
during the infiltration of an effluent through the relevant
permeable material (Table 2). The hydraulic pathways
tuken by stormwater within swales, filter strips. surface
flow (SF) constructed wetlands, detention basins and
extended detention basins will result in lower direct contact
times with the available substrate and therefore less
potential for adsorption. The regular draining down of
detention basins following a storm event will encourage
adsorption in comparison to retention ponds and lagoons
where a permanent water body exists.

2.3.2. Setifing

Scttling is the vertical movement of discrete or agglom-
erating suspended sediment particles to the base of a water
column (Ellis et al.. 2004) and is highly dependent on the
retention of a quiescenl waler volume within the BMP
gystem. 1t basically represents the Type | and Type 11
settling processes which occur in conventional wastewater
primary settlement tanks (Tchobanoglous et al.. 2003).
Hence, it will be a predominant mechanism in retention
ponds (Pettersson et al., 1999), infiltration basins (Barbosa
and Hvitved-Jacobsen. 2001) and extended delention
basins (Revitt. 2004). but slightly less important in
detention ponds (reduced retention time) and lagoons
and sedimentation tanks (comparatively lower volumes
and surface areas) (Table 2). Although, the presence ol
macrophyies in both types of constructed wetland con-
tributes to the formation of quiescent conditions, the

lable 2
Relative importance ol substrate adsorption. settling and microbial
degradation i BMPs

BMPs Adsorption 1o Settling Microal
substrate degradation

Filter drain Medium/high Low /medium Medium

Porous asphall Low/medium Low Low

Porous paving High Low/medium Medium

Filter strip Medinm Low Low/medium

Swales Medium Low/mediuimi Low,/medinm

Soakaways Medium/ high Low medium Medium

Infiltration Medium hich Low/mediuim Meditm

trench

Infiltration High High- High

l'!i'(tilfl'l

Sedimentation Low Medium/high Low

tank

Retention Low/mediuom High Medium

ponds

Detenfion Medinm Medium/high Low medium

basins

Fatended Medium High Medium

datention basgin

Lagoons Low/medium Medium high Low

Constructed Medium/high Medium Iigh

wetlands (SSF)

Constructed Medium Medium Medium

wetlands (3F)

presence of dense stands of vegetation also effectively
lowers the stationary water column volume, through which
settling can occur, leading to the allocation of a compara-
tively lower potential for settling in these systems. The
other types of BMP are assigned ‘low/medium’ or ‘low’
removal potentials for setiling processes due to the absence
of a persistently still water body. which would facilitate
particle deposition.

2.3.3. Microbial degradation

Microbial degradation is facilitated by the availability of
attachment sites and nutrients within a BMP and hoth
aerobic and anaerobic processes are enhanced by the
oceurrence of high contact ratios between stormwater and
substrate material, Microbial degradation is therefore
strongly encouraged within SSF constructed wetlands
(Ellis et al.. 2003) and infiltration basins (Table 2). Filter
drains, porous paving, soakaways, infiltration trenches,
retention ponds, extended detention basins and SF
constructed wetlands do not typically provide the same
diversity of microbial attachment sites and are conse-
quently assigned a medium significance for this process.
The prolonged contact of stormwater with an established
microbial population is less feasible for detention basins
(non-permanent water body). filter strips and swales (low
retention times) resulting in the allocation of ‘low/medium’
removal potentials for these BMPs. The remaining treat-
ment systems (porous asphalt, sedimentation tanks and
lagoons) are assigned the lowest importance for this
removal process due to the comparatively lower potentials
for stormwaler to interact with substrates acting as hosts to
diverse microbial communities.

2.3.4. Filtration

This UOP in BMPs occurs by the same mechanisms as
those present in conventional waler treatment plant sand
filtration units where physical sieving removes particulate
pollutants as they pass through a porous substrate or
hydraulic barrier (Ellis et al., 2004). Hence, the potential
for filtration to occur is considered to be most effective in
porous paving and porous asphalt due to surface filtration
(Revitt, 2004), particularly in porous asphalt due to the low
pore size of the crushed construction material (Table 3).
Infiltration trenches. infillration basins. soakaways and
SSF constructed wetlands involve the passage of storm-
witer through a sub-=surface substrate but filtration is less
efficient due to the grealer void sizes within gravel, which 1s
typically used as the substrate. Filter drains possess similar
substrate structures but do not provide the opportunity for
further infiltration to ground. The allocated medium
removal potential also applies to SF constructed wetlands
and swales, where the filtering function ol surface vegeta-
tion combines with possible soil infiltration to remove
pollutants (Biickstrom. 2003). Similar processes are possi-
ble in filter strips bul shorter contact times between
stormwater and the grassed surface result in a lower
filtration potential. The remaining BMPs are considered (o
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Table 3
Relative importance of filtration, velatilisation. photolysis and plant
uptake m BMPs

BMPs Filtration Plant uptake Volatilisution  Photolysis
Filler drain Medium Low Low NA
Porous asphalt High NA Low Low
Porous paving  High Low Low NA
Filter strip Low/ Medium Low/medium  Low/
medium medium
Swales Medium Medium Medium Low/
nedium
Soakaways Mediunm, Low Low NA
high
Infiltration Medium/ Low Low NA
trench high
Infiltration Medium/ Low/ Medium Low/
busin high medium medium
Sedimentation  NA NA Low Low
tank
Relenlion Low Low Medium Low
ponds medium
Detention Low Low Medium Low/
Ditsins medium
Extendad Low Low Medium Low/
detention medium
hasin
[agoons Low Low Low/medium  Low
Constructed Medium/ Medium/ Low/medium  Low
wetlands high high
{85F)
Constructed Medium Meditm Medium Low

wetlands (SF)

have low filtration potentials because of limited contact
between stormwater and the basal sediments/substrates.

2.3.5. Plant uptake

The presence ol lerrestrial or aquatic vegetation provides
the potential for plant uptake to occur and therefore this is
not an applicable process in non-vegetated BMPs such as
porous asphalt and sedimentation tanks. Retention ponds
with fringing macrophytes present are allocated a ‘low’
classification for plant uptake because of the limited
contact between aquatic vegetation and the bulk of the
pollutants (Table 3). Similarly in detention basins and
exlended detention basins. surface grass coverage can
participate in pollutant removal when stormwater is
present. Pollutant bioaccumulation by cell tissue at a low
level is also possible in porous paving. filter drains.
soakaways and infiltration trenches due to algal growth
on the sub-surface gravel or other filler material. A slightly
increased plant uptake is envisaged for infiliration basing
due to 1 combination of a naturally grassed surface with an
algal-coated gravel substrate. Swales and filter strips are
permanently grassed structures. which are allocated med-
ium removal potentials because ol efficient contact ratios
stormwater and vegetation. Similar contact
efficiencies between stormwater and vegetation are ex-
pected in SF constructed wetlands. However. the potential
for plant uptake will be highest in SSF constructed

between

wetlands due to the increased contact between stormwater
and the elaborate root systems ol aquatic macrophytes.

2.3.0. Volatilisation and photolysis

Both processes are strongly dependent on surface
exposure hut whereas photolysis requires direct exposure
to sunlight. volatilisation can occur from the open spaces
within a BMP structure. Photolytic degradation will be
negligible in filter drains, porous paving, soakaways and
infiltration trenches due to the rapid incorporation of
stormwater into the BMP structure. A low effectiveness is
predicted in sedimentation tanks and lagoons (normally
low surface areas and associated retention times), in both
types of constructed wetland (restricted exposure of
stormwater to sunlight due to the presence of dense stands
of vegetation) and in porous asphalt (rapid infiltration into
the surfacing material where interaction with UV visible
radiation is still possible). The level of photolysis will be
highest (low/medium potential) in filter strips, swales,
infiltration basins. retention ponds, detention basing and
extended detention basins due to @ combination of
enhanced surface areas und exposure times (Table 3).

The degree of volatilisation 1s highest (medium removal
potential) in extended detention basins. detention basins,
retention ponds, infiltration basins, SF constructed wet-
lands and swales. where stormwater exposure times and
surface arca exposure to wind/ambient pressure differen-
tials are optimised. relative to SSF constructed wetlands,
lagoons and filter strips (low/medium potentials). Sedi-
mentation tanks, infiltration trenches, soakaways, porous
paving. porous asphalt and filter drains are all allocated
Tow” removal potentials due to the lower surlace exposures
associated with these systems (Table 3).

2.4. Susceptibilities of TSS, BOD, COD, nitrates,
phosphates and faecal coliforms to the identified primary
BMP removal pracesses

The abilities of the general water quality indicators (TSS.
BOD. COD. nitrates, phosphates and [accal coliforms) to
be removed by each of the identified mechanisms are
described in Table 4. These classifications (or the pollutant
removal potentials have been derived by consideration of
the relevant physico-chemical data. when available, as well
as the existing scientific knowledge of the cnvironmental
behaviours of the pollutants. Thus. the nutrients (nitrates
and phosphates) are both assigned “high™ removal polen-
tials for plant uptake but they differ markedly for
adsorption. settling and filtration because of their vastly
different water solubilities, Both nutrients are resistant o
aerobic biodegradation but can be assigned ‘low’ and ‘low/
medium’ potentials for removal under anaerobic condi-
tions. The classifications quoted in Table 4 represent the
combined impacts of both biodegradation processes. ROD
and COD demonstrate similar susceptibilities to the range
of removal processes with the slightly higher composition
of intractable organics in COD resulting in marginally
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Table 4
Potential for direct BMP processes (o remove TSS. BOD, COD, nitrates. phosphates and faecal coliforms

TSS BOD oD Nitrates Phosphates Fuecal coliforms
Adsorption Medium Medium Low/medium Low High Medium
Settling High Medium Mediun Low High High
Microbial degradation” Low Medium Low /medium Low Low Low/medium
Filtration High Medium Medium Low High High
Yolutilisation NA Low Low NA NA NA
Photalysis NA Low Low NA NA Low medium
Plant uptake NA Medium Low mediun High High NA

NA = not apphcable.

Mased on o cansideration of acrobic and anaerobic processes.

reduced tendencies o undergo adsorption, plant uptake
and microbial degradation. In the latter process, anaerobic
degradation is considered to represent a low potential for
removal for both oxygen demanding parameters but the
corresponding aerobic process can produce ‘high’ and
‘medium’ removals  respectively for BOD and COD
resulting in the combined classifications shown in Table
4. Faecal coliforms and TSS are expected to show similar
removal capabilities with the only known exception being
the susceptibility of the former to photolysis (van der Steen
et al., 2000). The potentials of the selected pollutants to
undergo both settling and filtration have been based on
their abilities to adsorb (o suspended solids and to
precipitate, which have been identified as relevant indirect
processes. Although they are dependent on similar
precursor mechanisms, filtration and settling are clearly
separate removal processes within a structural BMP.

3. Devclopment and testing of an approach for the prediction
of removal potentials

2L dggregation of data on the relative importance af
removal processes within BMPs with the potential for the
selected parameters 1o be removed by the same processes

The potential for a pollutant to be removed within a
BMP can be considered to be a function of the type and
magnitude of the removal processes which occur within a
BMP in combination with the susceptibility of the
pollutant to be removed by these removal processes. The
developed methodology enables these two data sets to be
combined by adopting the risk-rating approach ol con-
verting the classifications of high, medium. low and ‘not
applicable’ to the numerie values 3, 2, | and 0. respectively
(Boyle, 2000). Intermediate values of 1.5 and 2.5 were
allocated to low/medium and medium/high classifications
ag appropriate. The potential ol a particular pollutant (e.g.
TSS) o removal by settling can be rtepresented by the
combination of the derived numeric value representing this
process with the corresponding value representing the
importance of sctling within a particular BMP  (e.g.
infiltration trench) (Tables 2. 4 and 5). A multiplicative
approach has been used to produce the combined values to

Table 5
Potential for removal ol TSS by an filtration trench

Significance of  Combined
process to BMP  value

Significance of
process to the

pollutant

Adsorption 2 35 5
Settling 3 1.5 45
Microbial | 2 2
degradation
Filtration 3 25 13
Volatilisation® ] 1 0
Photolysis® ) { 0
Plant uptake 0 1 0

Overall value 19

“Assigned a weighting of 1.5,

highlight the “extremes’ (i.e. the best and worst values) and
provide greater discriminatory power than would be
achieved by addition. An additional factor in the calcula-
tion is that photolysis and volatilisation are both assigned
weightings of 0.5 relative to the other removal processes to
signify their typically lower conlributions to the overall
pollutant removal capability of BMPs. The separate values
calculated [or each removal process can then be summed to
give a single overall value representing the removal
potential of TSS in an mnfiltration trench. as displayed in
Table 5.

Repeating this procedure lor each BMP and then
ranking the overall values in descending order of magni-
tude effectively enables an order of preference for the
relative potential of BMPs Lo remove TSS to be generated.
In addition to TSS, this procedure was also applied to
BOD, COD, nitrates, phosphates and faecal coliforms. and
the ranked results are presented in Figs. 2 and 3 where a
ranking of | identifies the BMP possessing the highest
removal potential lor the identified pollutant, The values
upon which the rankings are based are ordinal and not
numeric and therefore represent the order of predicted
BMP performances relative to each other but do not have
any quantitative meaning in terms of actual removal
performance.

Figs. 2 and 3 show that settlement tanks are consistently
predicted to be the worst performing BMP system followed



474 L. Scholes er al. | Journal of Envivesmmental Managemeni 88 (2008 ) 467478
15
W ECD
@ O cob
& 12— Ess —
@
o
o 7
g 9 ? =
B . v
9 7 Y % %
-% 6 P : S % 7
> ’ Tl 1
Z 7 78 R
@ 7 - - o
£ | 7 Al Al
g 3 i 111 il
f 7
| |$ muanm 1l
7 % 7 7 7 i
U UV LU L
£ &L &L £ e RN y
\be@ @"9 b@ {83\'1‘ 0,5’9 63!,@ \&(\ i? @‘(b & \8\% \,5’9
s 0'0 (\6 'b('\ @Q P 0{\ o 0‘? \Q{\ '\?B 0{\
2 Q,;a o & & © P & & 8
S R I i & & o
S C}@b @ gS & <
1:3\‘\" Q‘}@ Q‘(\b
C)Q\ oo 4+
BMP

COD und TSS.

Ranked order of preference

BMP

Fig. 3. Predicted order of preference [or the use of BMPs to remove nitrates, phosphates and faceal coliforims,

bv porous asphalt. although TSS and faecal coliforms have
slightly enhanced removals lor the latter. In conlrast.
infiltration basins offer the highest predicted removal
efficiencies lor live ol the six pollutanis evaluated. The
exception 1s mnitrates where SSF constructed wetlands
achieve the highest ranking. This type of constructed

wetland is more efficient than the SF type for the range of

considered pollutants. Porous paving is predicted to behave
equally as well, if not better than SF constructed wetlands,
except for nitrates, as the removal of this pollutant is

strongly influenced by the importance of plant uptake
processes (Table 3). Extended detenlion basing generally
demonstrate the best performances for BMPs relving
predominantly on ‘stormwater volume capture’ as the
major pollutant removal process. followed by retention
ponds, detention basins and lagoons. Swales exhibit a large
variability in the predicted hierarchy for their removal of
the different pollutants with TSS and [aecal coliforms
being the least efficiently retained. Filter strips show a
similar variability but with overall lower efficiencies. For
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BMPs utilising infiltration as the major pollutant removal
process, infiltration trenches and soakaways show identical
mid-range removal characteristics and are predicted to
consistently out-perform filter drains.

3.2 Comparison of predicted pollutant removal efficiencies
with tonttored values

The predicted ranked order of BMPs with respect to
their pollutant removal potentials can only be confidently
compared with existing momioring data for TSS as thisis
the only pollutant for which 3 independent data sets exist
for a realistic number of BMPs throughout Europe and N.
America (ASCE/USEPA, 2006: Ellis et al., 2003: Scholes
et al., 2005; Schueler, 1997: USEPA, 2006; Winer. 2000; Yu
et al., 1993). The mean values are plotted in Fig. 4. together
with the standard deviations which demonstrate the
variabilities in this field data resulting from the use of
different monitoring stratesies and associated evaluation
methods and the dependence, in some cases. of the BMP
performance on the magnitude of influent concentrations
and loadings. There is a tendency for monitored pollutant
capture rates to decrease and be more variable as influent
concentrations fall. In this initial stage of the model
development, the theoretical considerations are based on
all BMPs operating at their design potential. However. the
monitored systems will be at different stages of their
operational lives and hence subject to factors such as
ageing. which are not yet fully incorporated in the
devecloped approach. However, in spite of these differences,
there is a good agreement belween the systematically
predicted hierarchy for suspended solids removal efficien-
cies (Fig. 2) and those determined for the monitored data
(Fig. 4) with. for example, 4 of the top 5 BMPs predicted

L

using the theoretical approach also appearing in the top 5
BMPs identitied using field data. The major discrepancy
appears to be for swales., which perform considerably
better in practice than is predicted theoretically. It may be
that the theoretical interpretations of swale performance
have under-estimated the potential for particulate removal
by liltering (by the grass sward) and settling (due to
vegetalive interactions reducing the rate of flow), This has
been tested by increasing the relative importances of
selthng and flration in swales from low/medium 1o
medium and from medium to medium/high classifications,
respectively. The impact is an expected improved TSS
removal behaviour in swales, which is now similar to that
predicted for infiltration trenches and SSF constructed
wetlands.

In contrast. constructed wetlands (particularly SSF
systems) and extended detention basing appear to under-
perform relative to their predicted removal performances
for TSS. For extended detention basins, only the minimum
data requirement (5 independent values) was available and
therefore it is possible that the caleulated mean values are
not truly representative of the optimum performance. The
monitored value for SSF constructed wetlands was
81.04+11.1%, which is consistent with the predicted high
hierarchical position. The most reliable monitored data
(based on 43 independent measurements) is for retention
ponds (73.8415.9%) and this suggests a TSS removal
potential which is entirely consistent with the predicted
performance which is indicated 1o be less efficient than a
SSF wetland. Monitoring results, above the minimum 3
data sets, arc also available [or retention ponds for the
other pollutants {except phosphates), and hence it is
possible ta observe il there are any comparable trends
between the different pollutants for this particular BMP.
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Fig. 4. Averuge monitored TSS percentage removal efficiencies ( =58D) for BMPs,
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The measured values for BOD (51.94-25.7%) and COD
(55.9+25.6%) are similar and consistent with the relative
hierarchical positions predicted theoretically (Fig. 2). The
reduced ability of this BMP to remove nitrates (33.6 +43.1%)
compared to laecal coliforms (71.34+14.0%) is also in
agreement with the predicted order of preference indicated
mn Fig. 3 for these pollutants,

3.3, Support in the selection of 'k values within urban
hvdrological modelling

The development of a BMP order of preference in
relation 1o a particular pollutant of concern not only
provides an important contribution to the wider decision-
making process but also provides relevant input to the
selection of appropriate & values within stormwater
management models. Currently, the MUSIC model pro-
poses a range of & values for TSS removal within ponds,
infiltration systems. wetlands, swales and sedimentation
basins. A comparison of the descriptions provided within
the MUSIC user manual with those in Table | identifies
these BMPs as corresponding to retention ponds, infiltra-
tion basins, constructed wetlands (SSF for the purposes of
Lhis example). swales and settlement tanks, respectively as
defined in this study. The extensive ranges of k values
recommended for these BMPs are:

e infiltration basins (200-1000m )‘car_l).

@ constructed wetlands (500-5000m year "),
e rctention ponds (200-1000m year‘t).

@ swales (400015000 m vear™') and

e scttlement tanks (4000-15000 m year '

).

The BMP order of preference generated for TSS removal
(Fig. 2) would suggest that the k& values assigned to the
above systems decrease in value in the order infiltration
basin > constructed wetland (SSF) > retention pond >swa-
le>scttlement tank. There is a clear discrepancy for swales
and settlement tanks. which have been assigned the highest
ranges of proposed & values based on physical processes
only. The differences resulting from an integrated con-
sideration of biological, chemical and physical processes
suggest that revised & values may be appropriate for
modelling approaches. such as MUSIC, with the current
values assigned to infiltration basins, retention ponds and
constructed wetlands underestimating their role in TSS
removal.

3.4. Sensitivity analysis on the predicted removal priovities

Sensitivity analysis identifies the variability in response
of the results generated using a particular approach to any
assumptions that may have been made about the data or
methods used to derive them. It is therefore appropriate to
test the sensitivity of the orders of preference generated (i.e.
the approach output) to changes in the approach input (i.e.
variations in the weightings placed on input parameters).

To achieve this. a simple tactorial approach was applied to
testing the influence of each removal process in turn on the
overall pollutant removal capability of each BMP. This
involved setting the weighting of a specific removal process
to 0% (i.e. effectively assuming a process does not oceur)
and then recalculating the order of BMP preference to
assess the influence of the chosen process on the overall
potential of a system to remove a particular pollutant, This
approach also provides an opportunity to determine how
well the developed approach simulates the systems it sets
out to represent by supporting the identification of the
most influential removal processes within each BMP.

The results of applying this process to the removal of
TSS by BMPs are compared to the delault ranked order of
preference (i.c. before any alteration of weightings took
place) in Table 6. As can be seen from the ranges of values.
demonstrated by the highest and lowest ranked positions,
the responses of individual BMPs varied considerably. The
relative increases and decreases in the ranked positions,
reflect the differential responses of BMPs to comparable
variations in weightings applied sequentially to cach of the
removal processes.

Seven of the BMPs are identified in Table 6 as producing
overall changes in position of =3 places. These represent
the BMPs. which are most vulnerable to changes in the
weightings applied to the removal processes. It is interest-
ing to note that for these seven BMPs, the greatest
decreases within the order of preference for retention
ponds, detention ponds and extended detention basins. in
relation to their potential to remove TSS, was instigated by
applying a 0% weighting to sedimentation. In contrast. the
same allocation to filtration had the greatest impact on
the relative TSS removal potential of porous paving,

Table 6
Impact of separately reducing the contributions of mdividual removal
processes on the ranked position of BMPs with respect to TSS removal

BMP Default ranked order Highest and fowest
ol preference ranked positions

[nfiltration basin | -2

Constructed wetland 23 235

(SSF)

Porous paving &5 ="

Soakaways 45 4.5-9.5

Infiltration trench 4.5 4.5-9.5"

Constructed wetland 0.5 o4

(SF)

Extended detention 6.5 211"

basin

Filter dram ¥ 6.5-10

Retention ponds 9 3513

Detention basins Il 5-12°

Porous asphalt 11 6.5 15

Swales 11 513

Lagoons 13 9.5-14

Filter strip 14 10-14

Sedimentaton tank 15 12-15

“BMPs which show an overall change in ranked position of =3 places.
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spakaways, infiltration (renches and porous asphalt. The
differential identification of sedimentation and filtration as
heing the most influential removal processes within BMPs,
which function by stormwater storage and infiltration,
respectively, enables confidence 1o be expressed in the
developed approach.

4. Conelusions

This report deseribes the development of a methodology.
based on the input of theoretical data and knowledge, to
identifly the relative performances of BMPs for the removal
of pollutants commonly associated with stormwater.
Compurison of the predicted order of preference for the
use of BMPs to remove TSS with existing field data shows
good agreement for most systems although for swales,
there Is evidence of an under-prediction of the ability to
remove TSS. However. it 15 demonstrated that the model
can easily be refined to more closely simulate the prevalent
ficld conditions. The use of a simple factorial approach to
sensitivity analvsis identified sedimentation as the most
influential TSS removal process in retention ponds,
detention ponds and extended detention basins compared
fo filiration in porous paving, porous asphalt. infiltration
trenches and soakaways. This provides initial confidence
that the assumptions made in the development of this
svstemaltic framework approach are reasonable and cred-
ible. The predicted orders of preference for BMPs for the
dilferent pollutants can provide important inputs into
cxisting modelling procedures where available data is
deficient but the selection of appropriate & values is
essential.

A major problem for stormwater managers in decision-
making involving water quality is the limitation in the
current amount of available and reliable monitoring data
relating to the behaviours ol dilferent pollutants within
BMPs. However, irrespective of this data gap, stormwater
managers are required to make decisions and adopt urban
drainage schemes to achieve compliance with the EU
WED. As further field data becomes available it will be
possible to calibrate and refine the described systematic
approach uging a more robust field data set, and also to
classily removal processes using quantifiable (or at least
end-point) values. However, in the interim period the
deseribed methodology provides relevant information.
which can supporl and inform discussions related to
diffuse pollution control (as prioritised under the EU
WED) as well as feed into the more comprehensive
considerations required within an integrated approach to
I.Il'b':l.l] stormwadler 111{1!12[331)’1";‘[’11.
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Abstract

The Analytic Network Process (ANP) has been proposed to incorporate interdependence and feedback effect in the prioritization of
remedial countermeasures using a hierarchical network decision model, but this approach seems Lo be incapable of capturing the
vagueness and fuzziness during value judgment elicitation. The aim of this paper is to present an evaluation method using a fuzzy ANP
(FANP) approach to address this shoricomuing. Triangular fuzzy numbers (TFN) and their degree of [uzziness are used in the semantic
scale as human judgment expressed in natural language is most often vague and fuzzy. The method employs the alpha-cuts. interval
arithmetic and optimism index to transtorm the (Uzzy comparative judgment matrix into set of erisp matrices, and then caleulates the
desired priorities using the eigenvector method. A numerical example. which was drawn from a real-life case study of an uncontirolled
Jandfill in Japan. is presented (o demonstrate the process. Results from the sensitivity analysis deseribe how the fuzziness in judgment
could affect the solution robusiness of the prioritization method. The proposed FANP approach therefore could effectively deal with the
uncertain judgment inherent in the decision making process and derive the meaningful priorities explicitly from a complex decision

structure in the evaluation of contaminated site remedial countermeasures.

w1 2007 Elsevier Lid. All rights reserved.

Keyweords: Remedial countermeasures; Hicrarchieal network: Fuzzy Analytic Network Process (FANP); Triangular Tuzzy number; Uncontrolled landfill

1. Introduction

Contaminated sites management (CSM) is inevitably a
balancing aet of many diverse factors such as social.
economic. political, legal, technical. and scientific issues. As
often lound in environmental management issues, the
decision making involved in CSM is a process character-
ized by complexity and uncertainty, as well as, multiple and
conflicting eriteria. Thus, the impottance of the application
of multiple criteria decision analvsisjaid (MCDA) methods
in CSM is now widely recognized (Bardos et al., 2001:
Pollard et al., 2004: Kiker et al.. 2005). For example. the
MCDA can make explicit the trade-offs among multiple
conflicting criteria and can quantily the uncertainties

*Currcsponding author. Tel: + 8111706 7284: Tax: + 81117067287,
Ll addressey: mpromentitlai vahoo.cont,
mabpkanri-er eng hokudaracip (M AR, Promentilla).

N301-4797/S -see front matter © 2007 Elsevier Lid. All rights reserved.
doit10.1016/] jenvman. 2007.03.013

necessary for comparison of available remedial and
abatement alternatives. Such process can help decision
makers (DM), as well as. lechnical experts and stake-
holders to systematically consider and apply value judg-
ments to come up with a strategic choice of remedial
options. MCDA may also provide methods for participa-
tory decision-making where stakcholder values are elicited
and explicitly incorporated into the decision process.
However, even though MCDA could provide demon-
strable advantages. formal applications of MCDA to CSM
are still rare (Linkov et al., 2004).

The Analytic Neltwork Process (ANP). a gencralized
form of the widely used Analytic Hierarchy Process (AHP).
has been proposed as a suitable MCDA (ool to evaluate
the alternatives during the conceptual planning and design
of remedial countermeasures (Promentilla et al.. 2005a.
2006a). These papers introduced the hierarchical network
decision structure to incorperate interdependence and
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leedback effect in the prioritization ol the remedial
countermeasures. However, the ANP-based decision model
seems to be ineffective in dealing with the inherent
fuzziness or uncertainty in judgment during the pairwise
comparison process. Although the use of the discrete scale
of 1-Y 1o represent the verbal judgment in pairwise
comparisons has the advantage ol simplicity. it does not
take into account the uncertainty associated with the
mapping ol one’s perception or judgment to a number. In
real-lifc decision-mauking situation. the DMs or stake-
holders could be uncertain about their own level of
preference, due to incomplete information or knowledge.
complexity and uncertainty within the decision environ-
ment. They also tend to specily preferences in the form of
natural language expressions which are most often vague
and uncertain, Such conditions may occur when managing
contaminated sites particularly during the planning stage
of site remediation. Therefore. this paper proposes a fuzzy
ANP approuch, i.c., a fuzzy extension of ANP, to evaluate
and priotitize the contaminated site remedial counter-
MEASUTEeS.

The organization of this paper is as follows. In Section 2,
the background of the methodology is discussed followed
by Lhe description ol the proposed [uzzy ANP and its
algorithm in Section 3. In Section 4. an illustrative
numerical example is presented. which was drawn from
the case study of a contaminated site caused by uncon-
trolled landfill in Japan. In Section 5. results from the
prioritization are explained and some discussions on the
sensitivity analysis follow, Finally, conclusions are pre-
sented in Section 6.

2. Background of methodology

2.1 The ANP and a prioritization method based on
hicrarchical network ( PRMEHN )

The ANP is a generalization of the Analytic Hierarchy
Process, popularly known as AHP. AHP is a theory of
prioritization that derives relative scales of absolute
numbers known as “priorities” from judgments expressed
numerically on an absolute fundamental scale (Saaty.
2005). The AHP/ANP framework has three basic features
which are useful in multi-criteria decision-making problems:

Tahle |
The main funetions of AHP and ANDP

(1) modeling the system’s complexity, (2) meusuring on a
ratio scale and (3) synthesizing (Table 1). The loeal
priorities in ANP are established in the same manner as
they are in AHP using pairwise comparisons and judg-
ments. However. the supermatrix approach which hecame
popularly known as the ANP approach is becoming an
attractive tool to understand more of the complex decision
problem as it overcomes the limitation of the AHP¢ linear
hierarchy structure (Saaty, 1996, 2001).

The supermatrix was introduced to serve as a unifying
framework for the study of priorities in hierarchy and in
‘systems with feedback’ (Saaty, 1980). Consider a system
that can be decomposed into m clusters C).Cs......C,, and
let the elements in €, having ny elements be denoted as
€fls €2y v oo s Chyy . Then, a supermatrix representation of this
system (Fig. 1a) can be viewed uas a partitioned matrix that
describes the interaction between the elements and clusters

d
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Fig. 1. A generalized supermatrix and an example of black matrix of the
supermatrix.

Funclions, features AHP

ANP

(1) Structuring system’s complexity

(2} Measuring on a ratio scale
milrices
(3) Synthesizing

One-directional hierarchical structure with the
assumption of mutua) independence of elements.

Local priorities derived from pairwise comparson

Global or overall priorties from hierarchic
composition or additive synthesis

A non-linear network structure ol interdependence
and feedback. Hierarchyv. a linear strueture. s a
special case.

Local (or initial) priovites derived from pairwise
comparison matrices

Overall (or final) priorities from supermdtis
caleulations
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of a system. In this so-called supermatrix. the block matrix
containg a column of priority weights which represent the
mmpact of all elements in the ith cluster on each of the
clements in the jth cluster (Fig. 1b). Some ol its entries may
be zero corresponding to those elements which have no
path of direct interaction (or influence) to other elements.

The prioritization method based on hierarchical network
(PRMEHN) model, which was used 1o evaluate remedial
countermeasures of a contaminated site, is built from the
ANP concepts (Promentilla et al., 2006b,c). The main
feature of this method is its underlying problem structure
represented as a strongly connected hierarchical network to
understand the complexity of the contaminated sile
remediation problem. Fig. 2 is an example of a digraph
and supermatrix representation of the four interacting
clusters in a three-level hierarchical network.

The directions of the arc (or arrow) and loop signily
dependence such that the arc and loop pomting into a
cluster indicate that its elements influence the clements in
the cluster from which the arc is emanating (Fig. 2a). This

structural model incorporates the following types of

dependence in a multilevel hierarchy: (1) hierarchic
functional dependence as described by the downward arc
from the upper level to the lower level clusters, (2) feedback

LEVEL 1

LEVEL 2

LEVEL 3

511 Sq9 S93 545

& ot ) o

S_g; S11 S\\

A a3

SR-\!

0 Sz | S4a | Sy

Fig. 2. An example of the digraph structure and supermatnx ol a
hierarehical netwaork.

dependence as described by the upward are from the lower-
level to the upper-level cluster, (3) inner-dependence or sell-
feedback as indicated by loop at each cluster, (4)
interdependence among clusters in a level as indicated by
the (horizontal) arc between clusters belonging to the same
level and (5) feedback control loop as indicated by the are
pointing to the goal cluster. The feedback control loop can
be viewed as a structural dependence indicating that all the
elements defined in the decision structure are relevant and
influenced by the goal element, making the systems
strongly connected.

The input to the supermatrix of a hierarchical network
would depend on the presence and type of dependence
described in the digraph as shown in Fig. 2b. The entries to
the block matrices (S;) in the initial supermatrix are the
estimated priorities that provide the relative strength of
dominance of an element over another element in the
cluster with respect to a common element from which the
arc emanates. There are several algorithms to measure such
priorities as described in Srdjevic (2005). The AHP
eigenveclor method is one of the popular methods used
to quantly the relative dominance of the eclements from
pairwise comparison maltrices. Saaty (1980) proposed the
following eigenvalue formulation to obtain the desired
ratio-scale priority vector (or weights) w of # elements:

et =1, (1

Aw = A,

where 4 = [a,] is the positive reciprocal pairwise compar-
ISOn Maltrix. Ay, 18 the principal eigenvalue of the matrix 4
and e' =[1.1,.... 1] 1s a unit row (or summation) vector, If
a DM provides ‘consistent” judgments (i.e.. the resulting
comparison matrix A satisfies the cardinal consistency
property d;ay, = ay), then 2= otherwise. i>n. For
details of this method and its features to measure the
inconsistency of judgment, refer to Suaty (1980).

Overall (ratio-scale) priorities can be derived based on
the synthesizing concepl of the supermatrix. In raising the
supermatrix into a large power, the transmission of
mfluence along all possible paths defined in the decision
structure is captured in the process (Saaty, 2001). The
convergence of the initial priorities to a steady state or
equilibrium value in the so-called hmil supermatrix
provides a set ol meaningful synthesized priorities from
the underlying decision structure, Since the PRMEHN
model defines a strongly connected digraph. its supermatrix
representation is a primitive irreducible matrix, Thus, the
limit supermatrix L exists when the initial supermatrix is
standardized by its principal eigenvalue as shown by the
following equation:

lim (§/iwa) = lim (8)" = L. (2)
st © . sy

Every column of this limit matrix iz a unique positive
column eigenveclor associaled with the principal eigenva-
lue Ay (see Nikaido (1968) for the mathematical proof).
This principal column eigenvector corresponds to the
stable priorities [rom the limit supermatrix and can be
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used to measure the owverall relative dominance of one
element over another in a hierarchical network structure
(Promentilla et al., 20006b, ¢).

2.2, Fuzzy set theory (FST) and fuzzy numbers

In most cases, many decision problems are too complex
to be understood with certainty and all the necessary
information are rarely available, but people can manage to
come up with a solution or decision by using knowledge
that is imprecise rather than precise. Fuzzy set theory
(FST) resembles human reasoning in its use of approximate
information and uncertainty to generate decisions. FST isa
mathematical theory introduced by Zadeh (1965) to model
the uncertainty attributed to the vagueness and imprecision
in real svatems, particularly that of the human cognitive
processes, This theory ¢an be viewed as a generalization of
the classical set theory to deal with classes of non-sharp
boundaries. Thus. any methodelogy or theory implement-
ing “crisp’ definitions such as the classical set theory,
arithmetic and programming may be ‘fuzzified' by general-
izing the concept of a crisp set to the fuzzy set with blurred
boundaries. The benefit ol extending crisp theory or
analytical methods to fuzzy techniques is in its strength
in solving real-lile problems, which inevitably entails some
degree of uncertainty due to imprecision and fuzziness
(Klir and Folger, 1988; Zimmermann. 2001).

A fuzzy number is a special fuzzy sel denoted as
F= {{xpp(x)xeR)), where x takes values on the real
line. Ri—oo<x< + oz and up(x)is a continuous mapping
from R to the closed interval [0.1]. In the literature. there
are several forms of fuzzy numbers and one ol the most
commonly used is the triangular fuzzy number (TFN). The
TEN is a special form of IL-R fuzzy number (see Fig. 3)
denoted as M = (l.m.u). where /<m<u. It has the
following triangular-type membership function:

0 x=1,

x—

) I<x<m,

n— ! (3)

Rarl®) =9 u—x
ML X<,
H—1m
0 x=1,
A M
1.0
0.0 >
[ 1 m u? u -
- —D-‘I-ﬂ o >

Fig. 3. A triangular (uzzy number M.

Alternatively. by defining the interval of confidence level
denoted as z (also known as the alpha-cut). the TFN can be
characterized as
Va e [0, 1M, = [Fa] =1+ (m — Dot — (u—mz].  (4)

The main arithmetic operations for positive tuzzy
numbers. as described by using the interval of confidence,
have been shown by Kaufmann and Gupta (1985) to be

V. g, L. g € RO.M, = [, .uff{-|, N, = [nf:,n'f{], e |0 1]

Addition:

M+ N = [(n +nl). (mi +n)]. (5)
Subtraction:

HON = [(nf — i), (i — )] ©)
Multiplication:

M®N = [(m] xni), (mx xng)]. (7)
Inverse:

M= [(1/mi). (1/ng)]. (8)

2.3, Fuzzy pairwise compurative Judgment matrix and fuzzy

AHP (FAHP)/ANP

Suppose E = |e).es.....¢,} be aset of elements and £, isa
controlling element or a point of view that is a common
aspect. characteristic or property of those elements with
which a human DM is concerned. In conventional AHP/
ANP. the pairwise comparison process requires that a crisp
number denoted as a;; be assigned to each pair of elemenis
(¢n¢;) representing in the perception of DM his valuc
judgment. This judgment can be expressed verbally or by a
corresponding numerical intensity to derive the ratio of the
priority of the dominant element to that of the other
element from pairwise comparisons. Accordingly. the DM
is asked first which one of the pair of elements dominates
the other with respect to a property or controlling element.
1f it is just equal. then this corresponds to the scale value of
. Bul for example, if ¢; is perceived to dominate ¢; with
respecl to a propertly (£.). then a numerical scale ninging_
from 2 to 9 is being used Lo represent the intensity of
dominance (e.g., moderate, strong, very strong, absolute)
that reflects the DM’s value judgment. The first two
columns of Table 2 describe this numerical mtensity and
the corresponding verbal definition of the scale proposed
by Saaty (1980). However, the use of these crisp numberg
has been criticized because of their inability to adequately
handle the uncertainty and imprecision associated with the
mapping ol the DM’s perception or subjective judgment
(Deng. 1999). Thus, several studies have proposed the use
of fuzzy sets or fuzzy numbers d; to represent such
uncertain judgments in the pairwise comparison matrix.
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Table 2

The dominance scale for pairwise comparative judgment ;= |

Numierical Linguistic scule Fuzzy scale: TFN

seale [Plelensent iy = Dlelement j)]? (L, myge :.e,_-,)h

| Just equal (L1.1)

2 Faual to moderate (max{Lg2—d), 2.
min{ Ly, 2+ 8))

3 Moderate dominance (max(Ly.3=0). 3,
min( Ug.2 +8)

4 Maoderate to strong (max(Ly.4—0). 4.
minf Up.d -+ d))

S Strong dominance {max(Ly.5-4), 5,
min{ {g.3+d))

] Strong (o very strong (max{ Ly.6—3d). 6.
mm{ U6+ 48))

7 Very strong deminasce (max{Lg.7—d), 7.
mun( Up, 7+ )

b Verv slrong 1o absolute (max{Ly.8—8), 8.
min{ Up.8+4))

Y Absolute dominance (max(Lp.9—5), 9.

min{ Uy, 9+ d))

"For pairwise verbal comparisans, dominance of efement § over element f
may he interpreted as importance, preference. likelihood or miuence.

YLB and UB refers to the lower bound and upper bound of the scale
(@ = 1), respectively,

The fuzzy extension of such pairwise comparison matrix is
referred to as the fuzzy pairwise comparative judgment
matrix or simply as fuzzy pairwise comparison matrix
A= Iﬂ*}'.l-

The luzzy pairwise comparison matrix is therefore one of
the main characteristics of various fuzzy AHP (FAHP)
methods proposed in the literature. During the past two
decades, these so-called FAHP methods have applied
svslematic approaches that employ the concepts of FST
and hierarchical structure analysis. For instance, the
earliest work in FAHP appeared in Van Laarhoven and
Pedryez (1983). which extend the AHP to a fuzzy
hicrarchical analysis using comparison matrices with
TFNs. They obtain fuzzy priorities by applying a fuzzy
version ol the logarithmic least-squares method. A
modification of their method was later proposed in
Boender et al. (198Y) to make a more robust approach in
the normalization of local priorities. On the other hand.
Buckley (1985) used the fuzzification of the gecometric mean
method to determine the fuzzy priorities from judgments
whose membership (unctions were trapezoidal, and later
Buckley et al. (2001) proposed an evolutionary algorithm
of computing luzzy priorities by direct computation of
fuzzy cigenvalues and fuzzy eigenvectors, There are also
other papers proposing different procedures related to
(uzzy hicrarchical analysis or FAHP (see Csutora and
Buckley (2001). Mikhailov (2003a). and Kahraman et al.
(2004) for related discussions).

While there are many preposed FAHP methods with
notable differences in their theoretical foundation, only a
handful of these methods are being applied in real-life
problems because of computational complexity or counter-

intuitive results. Many attempted o “fuzzify’ AHP but
imited studies had been done to investigate the fuzzy
extension of ANP including its practical application to
real-life decision problems. Since the supermatrix priority
derivation process in the ANP requires complex matrix
operations on real numbers, the most practical approach Lo
extend FAHP to the ANP framework is to derive first the
crisp priorities or weights from the fuzzy comparison
matrices (Mikhailov and Singh. 2003b),

Some researchers (Kahraman et al., 2006. Buyukozkan
et al.. 2004) applied a luzzy ANP approach to quality
[unction deployment problems. Their method is an
extension of FAHP approach proposed by Chang (1996),
which derives crisp local priorities from fuzzy comparison
matrix using the extent analysis method and possibility
theory. However, they used a rather simplified supermatrix
calculation which appears, in our opinion, far removed
[rom that of the original ANP. In addition. their proposed
algorithm may yield a zero value of initial weights or local
priorities to some elements of the decision structure.
A computed zero local priority (e.g.. the importance weight
of a criterion with respect to the goal) from the extent
analysis could be problematic because some paths of
interactions will not be considered in the supermatrix
calculations. It should be noted that an unimportant
element (i.e., having the least local priority value) in a
cluster may still be mmportant overall (i.e., having the
highest overall priority) because of dependence and feed-
back in the decision structure (Saaty, 2001)., Thus. the
extension of Chang’s extent analysis method to the ANP
framework may have some drawbacks in the sense that the
outcome could not capture all the possible interactions in
the decision structure.

In this paper. an algorithm introduced by Cheng and
Mon (1994) was used for the proposed fuzzy extension of
ANP. Their fuzzy-scale-based algorithm used alpha-cuts,
interval arithmetic, and linear convex combinations defined
by optimism index values to transform the fuzzy compar-
ison matrix into a set of crisp matrices: and then computed
the set of crisp local weights from eigenvector ol the said
matrix. Although several authors have recently applied this
FAHP method (Kwong and Bai. 2002; Buvukozkan et al..
2004; Ayag. 2005). to our knowledge, it has never been
tested within the supermatrix framework.

3. The proposed fuzzy ANP

Before we turn to the (echnical discussion of the
proposed fuzzy ANP, it should be pointed out that
the concept of “Tuzziness' in human judgment within the
framework of ANP is independent from the traditional
concepl of “inconsistency’ in judgment. Note that it is
conceivable for a DM to express highly inconsistent
preferences with a very low level of ‘fuzziness’. In AHP/
ANP, inconsistency of judgments in pairwise comparisons
is meuasured by the consistency ratio (CR) proposcd by
Saaty (1980) as a test of the reliability of the decision
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outcomes, Il the computed CR is more than 0,10, the DM
i¢ agked to reconsider and modify his judgment to improve
the consistency according Lo his understanding. In this
sense. allowing a modicum of inconsistency in pairwise
comparison matrix can be seen as one of the attempts to
incorporate ‘fuzziness' indirectly in the decision model of
AHP/ANP. Higher value of CR implies that inconsistency
occurs because of some ‘errors in judgment’ on the part of
the DM. Aside from recognizing that real-world incon-
sigtencies do exist, Forman and Selly (2001) identified some
of the causes of inconsistency such as lack of information.
lack of concentration during judgment process. and
inadequate maodel structure. On the other hand. Bryson
el al. (1995) asserted that the intransitivity and incon-
sistency may also be “errors mn judgment’ forced on a DM
who gees the preference situation and the preference score
as occurring over a range. but is required to give a point
estimate. He argued that this pair of phenomena appears.
not primarily because of ‘errors in judgment’. but rather
because of the vagueness that is inherent in subjective and
qualitative evaluations.

The aim ol [uzzy ANP is to capture the “fuzziness' or the
yagueness-type uncertainties in the evaluation of remedial
countermeasures’ particularly at the initial phase of
remediation planning. Due to the complexity and uncer-
tainty involved, as well as, the inherent subjective nature of
human judgments. it is sometimes unrealistic and infeasible
to acquire exact judgments in pairwise comparisons. It is
more natural or easier to provide verbal judgments when
oiving subjective assessment. For instance, the DM may
say with confidence that alternative A4 is very strongly
more preferred than alternative B with respect to a
criterion. but when asked to give an exact ratio ol how
strongly A dominates B. he may have difficulties in giving a
precise numerical value. In addition, other researchers
(c.g.. Goddard. 1983; Kirkwood and Sarin, 1985
Ngwenyama and Bryson, 1999) have also noted that it is
difficult to map qualitative preferences to point estimates.
This introduces uncertainties in the decision-making
process as natural language is most often vague and
fuzzy. Such source ol imprecision in real complex decision
making is inevitable and this type of uncertainties can
be handled using FST. Moreover. [uzzy-based techniques
can be viewed as a generalized form of interval analysis
that addresses uncertain or vague information. Therefore.
we modified the conventional ANP to fuzzy ANP by
employing fuzzy numbers in the semantic scale, instead of
Saaly’s crisp 9-point scale. In the next section. the
proposed luzzy scale and priontization approach are
further discussed.

3.1 Fuzzy scale

In the proposed method. the TFN were utilized to extend
the standard AHP 9-point scaling scheme in order to
capture the vagueness and uncertainty of judgment in the
pairwise verbal comparison. Representing the scale as TFN

(lz.mizi) explicitly describes the fuzziness of the judgment
denoted as @;. This will be characterized by the degree of
fuzziness (&) or the spread of fuzzy number (3, + dp). The
dy 18 a parameter defined as the absolute distance from the
lower bound (/) to the modal value () while 8y is the
absolute distance from the modal value (m,) to the upper-
bound value (1) (see Fig. 3). However, instead of using a
hixed prede!}ned membcrship [unction comn‘lonly found in
FAHP literature, the [ollowing membership function for
the -fuzzification’ of Saaty’s fundamental scale will be
defined according to the degree of fuzziness, lower bound
and upper bound of the scale (see Table 2). Here the effect
of these parameters on the proposed fuzzy scale was
elucidated.

Note that the value judgments elicited during pairwise
comparisons are associated with numbers from the scale to
represent how many times the larger of the two elements
dominates the smaller one with respect o a property or
criterion which they have in common. According to AHP's
reciprocal axiom. the smaller element would have the
reciprocal or inverse value when compared with the farger
element (Saaty. 1980). Consequently, the proposed mem-
bership function will be based on a premise that the
support of any fuzzy scale should be mapped in either the
value of 0-1, or 1 2 subdomains. Thus, the lower and
upper bound of the dominance scale (i.e. d;=1) are set
equal to 1 and oo, respectively.

For example, consider the representation of a verbal
judgment expressed as d; = 3. If the following membership
function [:??,;,-—5. 1My, iyt ) will be used 1n which & = 3,
then the associated [uzzy number is (0. 3. 6) and its
reciprocal is 37 or (1/6, 1/3, =c). Note that at /; = 0, the
subdomain of the support (0-1) becomes meaningless for a
judgment (a@; =3 in which the efement i has moderate
dominance over element j. Likewise, at
subdomain of the support (1—rc) becomes meaningless
for the reciprocal of (his judgment. Accordingly, the
defined fuzziness in the scale (n1) does not consider
the possibility of reversal in the judgment initially given by
a human DM, This means that the DM is assumed to be
certain about the direction of preference in spite of hig
inability of assigning precise numerical representation o
his verbal judgment. It is then more appropriate to use the
following TFN (M — ;) to describe the fuzzy judgment
with scale value of my;> I:

g = oo, the

M = (max(l,ny; — &), nig, min(oe, mj; + 0) or
M = (max(1, my; — 8), my, m; +0). (9)

Using Eq. (8), the reciprocal of the TEN M (m;> 1) can
be denoted as

e 1 ;
Y L . : (10)
mi+ 0 my max(1,my; — 8)

Figs. 4a and 4b describe an example ol the fuzzy scale for
d values ol I and 3, respectively.
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Fig. . Fuzzy scale und the corresponding membership function at (4) ¢ = L and (h) o = 3.

Outline of the procedure

The Cheng and Mon's fuzzy-scale-based algorithm was

incorporated in the PRMEHN model. The algorithm of

the proposed tuzzy ANP can be described i the lollowing
steps:
(1) Decompose the multiple criteria evaluation problem

(2)

into a strongly connected hicrarchical network.,

Llieit value judgments from DM to compare cach pair
ol elements with respect to an element. The TENs in
the fuzzy scale are used o mmdicate the relative
dominance of one element over another. Then. con-
struct the fuzzy pairwise comparison matrix such that

I ﬁr: e ‘:j]u
{n | L
d=| . 54 . (1
ﬂu] ﬁu: s I

where @ =1 and @; = 1/ay.
Solve the fuzzy eigenvalue problem:
AW = AW, (12)
where A is an nxn fuzzy matrix containing fuzzy
numbers @ and W ois a positive 1 x 1 fuzzy vector
containing fuzzy numbers. To perform luzzy mult-
plications (&) and additons (8). the equation 4w =
AT s cqui\-'.ulcnl. Lo
() R E B R )=4@0 Yi<isn,

(13)
where 4 = [d@;]. W= (wi.wa..... wydand A is the fuzzy
cigenyalue,

Using alpha-cut () which incorporates the DM's
confidence over his judgment, the interval values for
O=sa<| are

x i. ~ 2

W= [l .= (45, 23).

o T x
”i,l = {“m" ”.'.-u % | il !

Using the interval arithmetic operations. the follow-
ing equation will be

I”FII”'TI‘ ”.?tl ;1“'?:11 &8 [[":rilw;:l' ”:.l.'u”ﬁu_: = :flx“ﬁ /f|“:|| !
{14a)

or ¥l si=n

Wy e = W W e = A
(14h)

(4) Assign an optimism index @ value. The oplimism index

15 @ linear convex combimation defined as

Y € [0. 1]. (15)

x

2y ] B
dy = Wity + (1 — )

The use of optimism index allows the algorthm to
reflect the DM’ auitude towards the Tuzziness ol
judgment. For example. an “optimiste” DM (m = 1) is
apt to assign higher values of the erisp interval at a
given level ol confidence (2) while a “pessimistic’ DM
(o =10) tends to favor the lower values of the said
interval.

(5) With =z fixed. construct the (ollowing matris alter

selting the o parameter;

o i
N (TN i
~ e ]
) as, I i,
= : . . < il= (10)
@y oy e |
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(6) From Eq. (16), calculate the local priorities or the
normalized principal right eigenvector for all z-cut
values [0.1] at a given fixed @ value. Computational-
wise, the principal right eigenvector can be approxi-
mated from the following equation (Saaty. 1980);

ad

; Ae
lim —
k=20 T 4" o

= (17)

where ef =[1, 1,....1] is a unil row vector, ¢ is a
constant and w is the eigenvector corresponding to the
principal eigenvalue of the primitive matrix 4. Thus,
the computation of principal eigenvector can easily be
implemented in a spreadsheet (e.g.. Microsoft Excel
2003); for example, by conseculively squaring the
matrix. normalizing the row sums each lime. and
stopping the procedure when the normalized row sums
converge to a limiting value.

Compute the overall priorities from principal column
cigenvector of the initial supermatrix of the hierarchical
network. The supermatrix is initially populated by the
pertinent eigenvectors computed from step 6. Computa-
tionalwise, this column eigenvector can be approximated
from an algorithm which can also be easily implemented
in a spreadsheet using the following equation:

l‘ .§ ,E.‘
% TS e
where e' = [L.1.....1] is a unit row vector. ¢ is a constant
and r is the eigenvector corresponding to the principal
eigenvalue of the primitive irreducible supermatrix S.
Then, the meaningful overall priorities can be derived
from the column eigenvector normalized according to
pertinent clusters or levels,

Repeat calculations from Steps 4 to 7 to derive the set
of desired priorities for all s-cuts at different o values.

(7

—

=gb, (18)

(8

—

4. A fuzzy ANP application: prioritization of remedial
countermeasures

4.1. Problem description

Consider a decision problem described in Promentilla
et al. (2005b. 2006a), ie., to select the most appropriate

Tahle 3

remedial alternatives for a contaminated site caused by
illegal dumping of hazardous indusirial wastes (o a
privately owned uncontrolled landfill located in one of
the prefectures in Japan. In this decision context, the final
DM is the prefectural government authority who will
prioritize the feasible remedial alternatives and select the
appropriate countermeasure for the site. The three
remedial countermedsure stralegies arc briefly described
relative to (1) site remediation containing the waste layer.
(2) prevention ol contaminant spreading to the surround-
ing area (plume control) and (3) remediation ol the
surrounding area (see Table 3).

[0 this situation. there is no single dominating alternative
for all the criterna. For example, Al is perceived to
dominate in terms of environmental effectiveness and
social acceptability. However, its desirability may be
relatively low in terms of financial affordability and
implementability because of its potentially high clean-up
cost, as well as. difficulties in finding a nearby incincration
or treatment facility for the excavated waste. On the other
hand. A2 may have the least clean-up cost but it may also
have some difficulties in effectively controlling the plume.
In the case ol A3. it is perceived to dominate in terms of
implementability but its desirability is relatively lower with
respect to the other criteria in which Al or A2 dominates.
In order to prioritize these three alternatives for further
remediation design and analysis. it is necessary Lo have a
systematic and transparent way to evaluate these alter-
natives and measure their overall relative desirability,

4.2, Decision structure under consideration

Fig. 5 shows the digraph structure and the generalized
supermatrix representation of a three-level hierarchical
network decision model to be considered in this case study.
The decision problem is decomposed into three clusters
namely the goal (G). the eriteria (C), and the alternatives
(A) cluster. The goal or focus of the problem is to prioritize
the identified set of remedial alternatives described
Table 3. The evaluation criteria to achieve this goal are
defined as follows: (1) environmental effectiveness (EE) (o
protect public health and environmental resources, (2)
financial affordability (FA) with regards to the overall cost

The remedial countermeasure stratemes (alternatives) in this llustrative example

Site remediation containing the
waste layer

Remedial alternatives (4)

Prevention of contaminant
spreading

Remediation of surrounding urey

Alternative 1 (A1)

In situ remediation (e.g., enhanced
bioremediation. soil washing. etc.)

Alternative 2 (A2)

Alternative 3 (43) In sitn remediation {e.g.. enhanced

hioremediation, soil washing. etc.)

Removal of all waste materials and off-site treatment (¢.g., incinerdation.
vitritication) and disposal of the treated waste

Cappmg and hydraulic control
{e.g.. groundwater extraction)

Capping, vertical cut-ofl wall {e.g..
sheet piling. chemical grout, etc.)

In situ remediition (e, enhanced
bioremediation, natural
attenuation)

In situ remediation (e.g., enbanced
broremediation. natural
attenuation)

In situ remediation feiy enhanced
bloremediation, tdiural
attenuation)
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Fig. 3, The deciston structure wnder constderation and its supermatrx representation,

ol eclean-up. (3) mmplementability (IM) in terms ol
administrative and technological feasibility and (4) the
social acceptability (SA) of the countermeasure according
to the perception of stakeholders. It should be noted
that the 3-level hiernet model used in this case study is
primarily for the purpose of illustranion. A more complex
multi-level hiernet model could also be applied depending
on how the problem will be structured by the anulyst or

DMs.

4.3 A numerical example

For the purpose of brevity, the details of the pairwise
comparison matrices in this case study were nol discussed
in this paper. Only a sample of the numerical calculations
was shown to demonstrate the proposed method. For
instance. suppose a DM was asked to express his judgment
about the relative dominance of the remedial alternatives
with to environmental effectiveness criterion.
The questionnaire can be formulated like this; “"Comparing
Alternative 1 (41) and  Alternative 2 (A2), which
one is more preferable with respect 1o environmental
effectiveness (EE). and by how much is it preferred over
the other?” For example. i the DM considers that
A1 is preferred very stronghy over A2 with respect to EE.
then this judgment corresponds 1o @ = 7 and ay = 1/7.
Alter the value judgment chicitation process, the corre-
gponding fuzzy pairwise comparative judgment matrix is
ustitblished:

res IT\ECI

1 7 3

- — ..___l
gy =T ¢ T, (19)

Ll B

where subscript 4 refers to allernatives cluster (A) and
subscript € refers to the first element (EE) of the criteria
cluster (C),

Given the membership function of TEN deseribed m

2

- .
Sl ol the lfuzzy

numbers at a given 6 and z were computed using Eq. (4),
For example. if 6 = 1. the interval value of TEN (m;,>1)
and 1ts reciprocal at & given z-cul dre as lollows:

Table 1. the interval value af = |¢f;.a

= lytxup—al, =

] . I 3
== ; —.  (20)
iy My —alyt+a
where /; and uy; are the lower and upper bounds of the
supporl ol the [uzzy number (Fig. 4a), respeclively.

Let 2 =105 and v = 0.5, given the fuzzy comparative
Judgment matrix in Eq. (19). the following matrix and its
principal right eigenvector were derived:

i 4 3 (0.648
Ay, =043 1 0202, wye = | 0.072 (21)
0343 5 | ().280

Following the same caleulations, all the pertinent
normalized eigenvectors or local priorities which are
needed to populate the initial supermatrix of the hierarch-
ical network were computed. Fig. 6 1§ an example of the
initial supermatrix and the derived normalized overall
priorities at x = 0.50 and » =0.50. For instunce. the
column eigenvector derived in Fq. (21) is one of the eniries
(as shown in bold fontl) in the initial supermatris (Fig, ©).
Similar caleulations were also done at different a-cuis for e
values of 0.0, 0.3 and 1.0. Figs. 7 and & illustrate the
derived overall priorities of criteria and alternatives ut
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a

('S G gE | FA [_mj sa |

b

Al | A2 | A3 e-veetor  priorities

G LOOO | 1000 1.000  1.000  1.000

1000 1000 1.000 !G 0.382 1.000

LE | 0230 | 1000 0.000 0,099 0.183
FA | 0.230 | 0.000 1000 0086 0.054
IM ] 0.250 | 0,000 0,000 0,695 0.081
SA | 0.250 | 0.000 0.000 0.120 0.679

0410 0.067 0.071 { EE | 0100 0.262
(L084  0.689 0562 (FA| 0.129 0.337
0.055 0172 0303 IM | 0075 0.196
0451 0072 0.064 SA | 0.078 (1205

Al | 0.000 | 0.648 0.034 0.119 0.672
A2 | 0.000 | 0.072 058 0272 0.102
A3 | 0.000 | 0.280 0.361 0.609 0.226

1000 0.000 0.000 Al 0082 0,340
0.000  1.000° 0.000 A2 | 0.069 0.290
0,000 0.000 1,000 A3 | 0.085 0.361

Fig, 6. The ininal supermatrix and the denved normalized

overall priorities at 2 = 0.5, o = 0.5 in this numerical example,
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FFig. 7. Owverall priorities of criteria at different 2 and o values in this numerical example (0= 1),

different alpha-cuts and @ values in this numerica)
example.

5. Discussion

Outputs from the fuzzy ANP model are set of possible
values of overall priorities according to DM’s level of
conlidence and his attitude loward fuzziness over the
evaluation, As mentioned before. the alpha-cut concept
represents the DM'’s degree of confidence in the fuzzy
asscssment. As alpha-cut () approaches to zero. the wider
the interval of numerical intensity from the scale becomes.
This means that 2 = 0 entails lack of confidence over the
subjeclive assessment and thus consider the full range of
the fuzziness: whereas the higher value of o represents a
more confident DM, and reaches maximum at = | when
the value approaches to the most likely value, ie.. the

modal value of the fuzzy seale. Further, given the desired
confidence over the assessment (0<wm<l), the atttude
toward fuzziness 18 represented by the @ value. Accord-
mgly. when @ value approaches to 0. it reflects DM’s
attitude of representing his verbal judgment in terms of the
lower values of the alpha-cut interval. On the other hand.
when w value approaches to I, it reflects DM's attitude of
representing his verbal judgment in terms of the higher
values of the alpha-cut interval.

From Figs. 7 and 8. the results indicate the extent
of robustness of the priorilizaliun method when Fuzziness
of judgment is incorporated in the evaluation process.
In this numerical example, the DM gave initally an
equal importance to each criterion with respect to the goal.
This equal weighting of criteria results o local weights
of 0.25 for each criterton in the initial supermatrix (see
Fig. 6). However, as interdependence among criteria and
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feedback  dependence  from  the alternatives  were In order Lo understand more the eflect of fuzziness of

captured in the evaluation process. FA became the most
important criterion followed by EE. The incorporation of
(6=1) in the evaluation process did not
significantly affect the relative importance of the eriteria
as indicated by the computed overall priorities at different
alpha-cuts and o wvalues (Fig. 7). Moreover. Fig. 8
describes the robust rank order of the countermeasure
strategies (A3= A1 = 42) at varying degree of DM’s level of
confidence (2) and attitude (o) toward the fuzziness ol his
Judgient,

(uzziness

judement on the prioritization results. the degree of
fuzziness was increased from & =1 to 3 for the same
decision structure and verbul judgment. These results
indicate how the degree of fuzziness could nfluence the
degree ol dominance ol an alternative over another at
dilferent alpha-cuts. In Fig. 9, notice that the rank order of
the alternatives (43> 41> A42) did not change at different
alpha-cuts and . However, the results at ¢ =3 dillers
from that of 6 = | in terms of the significant chunges on the
degree of preference between the allernatives. At more
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Table 4
Fuzzy pairwise comparative judgment matrix of the relative importance of
crileria with respect w goal i Scenario 1

Goal EE FA IM SA
EE I 5 3 3

FA j ! 3 3

IM i 51 | 3

5A 3! g i il I

Tuble 5

Iuzzy parwise comparative judgment matrix of the relative importance of
criteria with respeel to goal in Scenario 2

Goal EE FA ™M SA
EE I 3 3 i
FA 3 1 5! 3!
M 3 [ 3 | 3 [
A 3! j 3 |

(B8]

uncertain conditions. the degree of preference of A3 over
Al increases while the degree ol preference of A1 over A2
decreases as shown in Fig, 9.

Another way to understand the behavior of the decision
model 15 to conduct a ‘what-if analysis" by varying the
initial judgment on the relative importance of criteria.
Since the base scenario assumes equal weighting of eriteria
from initial judgment. another two possible scenarios were
considered in this study. Scenario 1 could represent a
situation wherein a stakeholder/DM such as the local
government authority considers financial affordability and
implementability as more important than the environmen-
tal effectiveness and social acceptability criterion in the
prioritization of remedial countermeasure. On the other
hand. Scenario 2 could represent a situation wherein a
stakeholder/DM such as the local community considers
environmental effectiveness and social acceptability as the
more important eriteria than fnancial affordability and
implementability. Tables 4 and 5 describe an example of
the pairwise comparison matrix in Scenarios | and 2.
respectively. To facilitate the discussion. this paper
presented some of the resulls obtained from applying fuzzy
ANP to these two scenarios.

An example of the derived priorities of the criteria in
Scenario | was shown in Fig, 10. This figure describes the
local (or initial) priorities and the overall priorities of
criteria in Scenario 1 at dilferent alpha-cuts (%) for w = 0.5
and 6 = 1. Comparing the overall priorities of criteria with
their local priorities. the results showed that the relative
dominance of FA and EE increased while that of IM
decreased after the supermatrix calculation. Notice that the
preference order of the criteria (FA > 1M > EE > SA) based
on the overall priorities was still consistent with that of the
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Fig. 10. Initial and overall priorities of criteria at different o given o = (0.3
for Scenano 1 (6= 1),

initial priorities, except at more uncerlain conditions where
preference reversal between EE and SA occurred. At
2< (.2, the local priority of SA was a little bit higher than
that of EE. However. as all the possible interactions in the
decision structure were captured, the resulting overall
priorities of EE became higher than that of SA at all alpha-
cut levels.

In Figs. 11 and 12, it was shown how the degree of
fuzziness could affect the rank order and overall priorities
of alternatives in Scenario 1. At 6 = |, the decision model
provides a robust rank order (A3>42>41). Tl follows
that the financtal alfordability and implementability have a
significant impact on increasing the relative desirahility of
A3 and A2. Thus, 43 is most likely o be sclected among
the three alternatives given the condition of Scenario 1.
However, a rank reversal phenomenon was also obgerved
between A3 and A2 at ¢ = 3 and w = | as shown in Fig. 12.
At unecertain conditions wherein the DM tends lto over-
estimate his judgment (¢ = 1), the relative desirability of
A2 increased and became greater than that of 43 in
Seenario 1. In this case. rank reversal may oceur becaunse of
some [uzziness inherent in DM’s: judgment when asked (o
provide a point estimate from subjective assessment.

In the case of Scenario 2, an example of the local and
overall priorities of the criteria at different alpha-cuts was
shown in Fig. 13. These setl of priorities were derived [rom
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fuzzy ANP for w = 0.5 and 4 = 3. The resulls mndicated
how the mital (local) priorities were adjusted to the final
values (or overall priorities) alter supermatrix calculation.
For imstance. although FA had the least imtial prionity. the
relative priority of FA increased o o final value while that
ol the other eriteria decreased because of the interdepen-
dence and feedback effect in the decision structure.
Accordingly, a different preference order was observed
from the overall priorities of eriteria (EE>SA>FA =IM)
it contrast o that of their initial priorities (EE>

SA=1IM=FA). Al more uncertain conditions (x<0.1). a
preference reversal was observed between FA and SA but
the difference between Lheir derived overall priorities was
small (see Fig, 13).

Figs. 14 and 13 show the set of overall priorities of
alternatives derived from fuzzy ANP lor ¢ =1 and 3.
respectively. These results describe the robustness of the
rank order of the alternatives (41> 43> A42) in spite ol the
fuzziness ol judgment. As expected, Al becomes the most
preferred alternative since A1 dominates the other two
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alternatives with respect o EE and SA. In (his case, A1 is
most likely (o be selected among the three alternatives
given the condition of Scenario 2.

Fig. 16 summarizes the results of the fuzzy AND model
in this section. This fipure describes the high-low-crigp plot
of each alternative which is analogous (o the high-low-close
plot of a financial stock chart. The highest and lowest
priority value derived from fizzy ANP (ie. vz c [0, 1]
we [0, 1]) at a given ¢ ure represented by the ends of
vertical bar. On the other hand. the erisp value which is
derived from fuzzy ANP lor = = 1 is shown as horizontal
bar. The priorities derived [rom conventional ANP and
fuzzy ANTP were also put side by side in this figure for the
purpose of comparison.,

It is interesting to nole that ANP can be viewed as a
special case of fuzzy ANP at 6 = 0. As indicated by the
horizontal bar. the sel of crisp priorities [Tom ANP belongs
to the set of possible values of priorities derived from fuzzy
ANP. This should be expected sinee the proposed luzzy
scale takes a modal value which 1s equivalent to the Saaty’s
9-point scale. In other words, il we cither reduce the degree
ol Tuzziness (0) 1o 0 or increase the confidence level (2) to
1.0. the oulcome rom fuzzy ANP is equivalent o that of
conventional ANP. This entails the possibility that DM
can map his judgment to a precise numerical value because
he has sulficient information or confidence to do so.

One may argue that the results [rom uzzy ANP can be
obtamed with the regular ANP and sensitivity analysis, In
practice. the traditional sensitivity analysis used in AHPY
ANP requires that a DM may perturb in deterministic
fashion the weight of one or more criteria and/or
alternatives in order to note changes in the runk of
alternatives. Generally. this approach i1s rather limited to
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all other parameters are held

subjectivity of human judgment ws being expressed in

lixed except lor a single one that is allowed to vary.
However, the magnitude or the extent to which one should
perturb the weights 1s most often arbitrary. The relation-
ship between realistic variations in judgments may not be
known relutive to perturbation in the weights themselves.
thug the conclusions drawn from such an analysis may not
be meaningful and applicable. On the other hand, we
believe that the concept ol fuzzy ANP in handling
uneertainty 1§ quite dilferent [rom that of regular ANP
willl sensitivity analysis. Fuzzy ANP accommodates the

natural language which entails “fuzziness” in real-life
decision-making problems. Modeling cxplicitly the eflect
of & on the prioritization results could serve as a learning
tool to understand the robustness of the decision model in
a fuzzy environment, For instance, results [rom Fig. 16
could provide information that adds a new dimension to
the analysis. They may increase the confidence in lhe
outcome of the model or may expose a high sensitivity of
the decision model to the fuzziness of the subjective
assessmenl. In either case. they provide new and uselul
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information which could complement with the traditional
sensitivity analysis. Thus. varying the ¢ parameter of the
fuzzy scale for cach scenario may also be viewed as another
approach to robust analysis in the evaluation process.

As lor the reliability of results that stems [rom
consisteney of judgment, Saaty’s CR can be used [or the
modal value (¥ = 1) of the fuzzy assessment. This is a
necessary condition Lo satisfy the consistency in the fuzzy
pairwise comparison matrix (Gogus and Boucher. 1998).
We believe that the applicability of evaluating cardinal
consistency is rather limited to point estimates of priorities
that were derived from judgments represented (at least in
ratio scale) as exact numbers. In this study, the computed
CR values from the modal value of the fuzzy comparison
matrices were within the tolerable range of 0.00-0.15.
However. we do wish to remind readers that this approach
may have some limitations and alternative ways to measure
that inconsisteney should be pursued in future fuzzy ANP
rescarch (see related discussions in Gogus and Boucher
(1998) and Leung and Cao. 2000).

0. Conclusions

In this paper. a [uzzy ANP approach was applied in the
prioritization of remedial countermeasures. Fuzzy ANP
could adequately handle the judgments derived from
perception-based information which are intrinsically im-
precise. reflecting the bounded ability of human mind to
resolve detail and store information. Fuzzy numbers were
used to “luzzily® the crisp scale as human judgment
expressed in natural language is most often vague and
fuzzy. This is the first attempt to extend the algorithm
introduced by Cheng and Mon (1994) within the super-
matrix framework. The main feature of the proposed
method is the redefinition of fuzzy scale according 1o the
degree of fuzziness, confidence level. and attitude toward
fuzziness. This could provide another approach to sensi-
tivity analysis in addressing the uncertainty atiributed 1o
the fuzziness of human judgment. The set of possible values
ol overall priorities derived at dilTerent d. x and o values
may also provide additional information on the solution
robustness of the prioritization method.

Using a numerical example which was drawn from a
real-life case study of an uncontrolled landfill in Japan. the
applicability of the proposed method as a decision aiding
tool in CSM was demeonstrated. This study does not
pretend (o present a comprehensive sensitivity analysis; but
for the purpose of illustration, this paper examined the
mfluence of changes in the value of the degree of fuzziness,
as well as. the changes in the relative importance of the
criteria on the outcome of the decision model. In this case.
A3 (capping. vertical cut-off wall. and in situ remediation
of the uncontrolled landfill site and the surrounding area) is
the most preferred alternative when implementability and
linancial affordability are the dominating eriteria. How-
ever, a rank reversal may oceur wherein 42 (capping. pump
and treatment method. and in situ remediation of the

uncontrolled landfill site and the surrounding area)
becomes the most preferred countermeasure when the
DM tends to overestimate the preference value of A2 over
the other alternatives with respect to financial affordability.
In a scenario in which environmental effectivencss ancd
social acceptability are the dominating criteria, Al
(excavation of all wastes from the Tandfill site, off-site
treatment and disposal) is the most preferred alternative
followed by A3.

Fuzzy ANP can be viewed as an extension of ANP (i.e..a
special case of fuzzy ANP) to accommodate explicitly the
‘Tuzziness™ in the evaluation process. When compared with
the conventional ANP. some additional advantages of
fuzzy ANP can be identified. First, it could better model
the vagueness and imprecision associated with the pairwise
comparison process. Thus, it may be cognitively less
demanding and more intuitive for the DMs. Second, it
may allow an adequate reflection of the DMy attitude
toward ‘fuzziness” and their degree of confidence in the
subjective assessments. Fuzzy ANP, as being applied in the
evaluation of remedial countermeasures. could improve the
decision process through better learning, clarification and
transparency. Hence. this study demonstrates the effective-
ness of the fuzzy ANP to handle not only the complexity of
the problem structure at hand, but also the inherent
uncertainty associated with the subjectivity of human
judgment. In addition. the proposed algorithm can be
easily implemented in a spreadsheet and integrated in a
decision support system. Future research would involve
further investigation on the practicability of the proposed
method as a decision support tool.
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Abstract

The lile-cycle inventory analysis step of a life-cycle assessment (LCA) may currently suffer from several limitations, mainly concerned
with the use of incomplete and unreliable data sources and methods of assessment. Many pust LCA studies have used traditional
inventory analysis methods. namely process analysis and input-output analysis. More recently. hybrid inventory analysis methods have
been developed, combining these two traditional methods in an attempt lo minimise their limitations. In light of recent improvements,
Lhese hybrid methods need to be compared and validated. us these too have been considered to have several limitations. This paper
evaluates u recently developed hybrid inventory analysis method which aims to improve the limitations of previous methods. Tt was
found that the truncation associated with progess analysis can be up to 87%. reflecting the considerable shortecomings in the quantity of
process data currently available. Capital inputs were found to account for up to 22% of the total inputs to a particular product. These
findings suggest that current best-prictice methods are sulficiently accurate for most typical applications. but this is heavily dependant
upon data quality and availability. The use of input-output data assists in improving the system boundary completeness of life-cycle
inventories. However, the use of input-output analysis alone does not always provide an accurate model for replacing process data.
Further improvements in the quantity of process data currently available are needed to increase the reliability of life-cycle inventories,

C 2007 Elsevier Ltd.-All rights reserved.

Keywards: Life-cyele assessment; Life-eyele inventory: lnput—output analysis; Hybrid analysis: Embodied energy

1. Introduction

There are a range of methods available for assessing the
environmental impacts of products. Whilst many of these
methods have proved adequate to an extent for a particular
purpose, they are characterised by many disadvantages.
Life-cvele assessment (LCA) is one of the most popular
tools lor evaluating the environmental impact that a
particular product or process has throughout its entire
life. Although LCA is currently considered by many to be
the most appropriate and reliable tool for assessing these
environmental impaets, 1t can suffer from a number of
limitations. The most signilicant of these limitations is the
incompleteness and lack of reliability associated with
current inventory data sources. both process and inpu-
t-output (I-0) data. This stage of an LCA is referred to as
life-cyele inventory (LCT) analysiy, where input and output
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flows are quantified. The limitations associated with LCL
have a subsequent impact on the reliability of overall LCA
findings.

A greater level of completeness and reliability in LCI is
needed to permit a more accurate and precise assessment of
the life-cyele environmental loadings rom the manufacture
of a particular product. A recently developed approach of
assessing the life-cycle inputs to a product that attempts to
fill in the ‘gaps’ of previous methods of LCI has been
proposed (Suh, 2002; Treloar, 1997). This newly developed
method of LCI. namely hybrid LCI. combines both process
and [-O data. Hybrid LCI methods based on process data
have shown to be incomplete. Hybrid LCI methods based
on [-O data involve substituting available process data into
an 1-O model minimising the errors associated with
process-based hybrid LCI methods. Recent improvements
to this hybrid LCI method include the use of current 1 ©
data and the inclusion of capital input data. However. until
now, this LCI method has not yet been broadly tested for
its ability to produce more reliable and more complete
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results than traditional LCT metheds based on process or
I-O data alone.

The aim of this study was ro assess the reliability and
completeness of an I-O-based hybrid LCI analysis method.

2. Background

It is widely accepted that LCA is one of the best tools for
environmental assessment of a wide range of products and
processes. Howeyer. it is arguably best suited to primary or
secondary industrial processes. LCA can be used to assess
and evaluate the impacts that produets or processes have
on the environment over their entire life, from ‘cradle ta
grave’. The LCI step is considered one of the most crucial
steps involved in any LCA. Although LCI methods may be
appropriate for assessing the environmental impacts of
various products, there is a need to re-evaluate the
adequacy of existing LCI methods in light of an increasing
focus towards greenhouse gas emission reduction and the
current improvements te hybrid LCT methods.

Inventory analysis involves the collection of data and
calculations in order o guantify the inputs and outputs to
the product system over its entire life-cycle. The inputs may
include energy and natural resources, whilst outputs may
include emissions to air, water and land (ISO 14041, 1999).
The extent of this analysis. and the two subsequent steps of
an LCA (impact assessment and interpretation), depends
on the scope and goals defined in the first step of an LCA.
The inventory analysis step is one of the most time and cost
consuming processes in an LCA (Suh and Huppes. 2002).
If the scope of the study is not adeguately defined, excessive
time may be wasted obtaining and analysing data that is
beyond the scope required for the intended purpose of the
study.

The accuracy and extent of an LCI is dependent on
which of the main analysis methods is chosen: process
analysis, -0 analysis or hybrid analysis (Treloar, 1997).
The two base methods of LCI are susceptible to different
types of errors and have different benefits. The most widely
used of these methods, process analysis, can be significantly
incomplete. This is primarily duc to the complexity of the
upstream requirements for goods and services (Lave et al..
[995). The magnitude of this incompleteness varies with
the type of product or process and depth of study but can
be S0% or more (Lenzen. 2001a; Treloar. 1998). While the
accuracy of the process analysis method can be high, it is
only relevant to the particular system considered and can
he subjeet 1o considerable variability. These errors can be
exacerbated as more and more process data are collected,
due to the fawed parndigm,

Results of studies by Bullard et al. (1978). Lenzen and
Treloar (2003). Miller and Blair (19835) and Peet and Baines
(1986) have suggested that even extensive process-based
inventories for complex products do not achieve sufficient
system comp].eieness. This is not as important in some
comparative studies as the system completeness may be
identical for both products or processes. However. when

the level of system completeness is not even able to be
estimated. validation can be very difficult. This issue can
have a much greater impact when considering the
environmental impacts of a single product or process, In
this case. [-O data may be useful for assessing the system
boundary compleleness.

The second base method of LCI is I-O analysis. This
method uses national average data for each sector of the
economy and is considered by many researchers to be more
comprehensive than process analysis (e.g. ffer alia Lave et
al., 1995; Lenzen, 2000, 2001a; Leontief, 1960: Suh and
Huppes. 2002: Treloar, 1997, 1998). This method has a
systemically complete system boundary. which can there-
fore potentially solve the major drawback of the process
analysis method. However, 1-O analysis is generally used
as 4 ‘black box’, with little understanding of the valuecs
being assumed in the model for each process.

Furthermore, because they are based on many inherent
assumptions appropriate for national modelling, a perfect
[-O model may not result in valid results for a particular
product (Carnegie Mellon University, 2002; Suh, 2000).
Conversely. imperfect 1-O data may provide reasonable
estimates lor particular products. For this reason. the 1-O
model should be seen as a scoping tool or an estimation
method for missing data [rom the process analysis method.
While [-O analysis is systemically complete, some 1-O
models are inappropriately constructed. and may leave out
significant aspects of the economy (for example, capital
investment, Lenzen 200la: Lenzen and Treloar, 2004).
Some of the other main limitations of 1-0 analysis include:
the age of the T-O data: homogenecity assumption;
proportionality assumption: the conversion of economic
data to energy data; the use ol national averages: and
sector classification and aggregation (Lenzen, 2001a; Miller
and Blair. 1985).

Hybrid techmiques attempt to combine the benefits of
both base methods, while minimising their respective
limitations. Process-based hvbrid analysis (Bullard et al..
1978) is almost exclusively based on incomplete process
data, suffering similar limitations to those outlined
above for the two base LCI methads (Treloar. 199%). The
I-O systemic completeness is only applied to the compo-
nents of the model upstream [rom the process data.
Downstream and horizontal truncation can still occur. to
significant levels. To some extent, these errors can be
compounded, despite the practitioner’s best efforts to
minimise them.

I-O-based hybrid analysis combines process data and
[-O data in a different way to process-based hybrid
analysis, in order to exclude downstream and horizontal
iruncation. The direct inputs to a specific product or
process being studied are calculated using process analysis.
While process data are not usually easy to obtain, its use
maximises the reliability of the analysis at this stage.
Further upstream indirect processes are accounted [or by
gither further applications of process analysis or [-O
analysis when the process data are unavailable or Is
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considered too time consuming to collect relative to the
significance of the process in question (Treloar. 1997). The
1-0 model is disaggregated Lo allow the activities for which
process data are available to be subtracted. leaving a
remainder that can be applied to the study in a holistic
manner to fill all the remaining gaps (as demonstrated in
Treloar et al.. 2001). The use of this method can help to
minimise time by determining the inpults Lo a product that
may not be significant. in order to focus on those that are.
The 1-0O-based hybrid analysis method proposed by
Treloar (1997) has been used in several life-cvele and
embodied energy studies (Crawford, 2004: Crawford et al..
2003. 2006), which have demonstrated the possible
significance of the choice of LCI methods. This I-O-based
hybrid analysis method 18 currently preferred, but has yet
10 be evaluated against the base LCI methods and the
process-based hybrid analysis method. particularly con-
sidering recent improvements to the method.

The inputs required through the manufacture of
machinery and other capital equipment have traditionally
been ignored in LCLl. This is due to the dilficulty in
determining the time that the equipment was used in
production for amortising these inputs (Alcorn. 1997) and
in calculating the inputs embodied in products through the
purchase and use of capital equipment. These inputs are as
much a part of a products hife-eycle as 1s any other direct or
indirect input. Casler (1983) has demonstrated that the
quaniification of capital inputs can be easily achieved
through the use of 1-O data. Gorree et al. (2002) and
Lenzen (2001b) have estimated capital inputs to account
for between 10% and 17% of total inputs of an LCI.
Unlike previous LCI methods, the 1-O-based hybrid
analysis method evaluated in this study considers these
capital inputs. and hence provides a more comprehensive
inventory assessment.

Whilst there are many problems and limitations asso-
ciated with current LCI methods. particularly through the
application of the methodelogical processes, the need to
improve LCI methodology has been the focus of research
worldwide. These improvements invelve minimising the
current problems with LCI in order to maximise the level
of reliability and completeness of the results obtained, to
enable a more accurale reflection of the environmental
impaets of a particular product.

In the past. researchers have used a number ol
techniques to evaluate the various methods of LCI. These
have included error analysis (various types. including
truncation error analysis), gap analysis and comparative
analysis (Lenzen. 2001a: Treloar, 1998). Error analysis is
used Lo assess the accuracy associated with the use ol 1-O
data for modelling system inputs (Lenzen. 2000). Trunca-
tion error analvsis is used to assess the extent of
incompleteness associated with the use of process data in
a process-based hybrid analysis context (Bullard et al.,
1978). Error analysis evaluates initial data inputs. How-
ever, often these are so complex that the sum of the effects
of the errors in a national -0 model can be quite different

when applied to an individual product. Thig process can
then introduce further errors, which are often ignored (c.g.
Bullard et al., 1978).

Other methods have since been developed Lo overcome
this limitation in error analysis by focusing on the outputs
of the LCI methods. Gap analysis is nsed to assess the
difference between process analysis results and hybrid
analysis results, as an evaluation of the completeness of
each method (Treloar. 1998). Comparative analysis is used
to compare the [-O values for the process analysis
components that are used in an [-O-based hybrid analysis
as a measure of the reliability associated with the 1-O data
(Treloar. 1998). These last two methods are best used
together to evaluate and compare LCI methods as applied
to individual products, thus overcoming the limitations of
error analysis (Bullard et al., 1978). These methods have
been developed and demonstrated by Treloar (199%),
however they have only been applied to a single residential
building. This study by Treloar (1908) showed that there
was both a large gap between process and hybrid analysis
results (49%) and little correlation between I-Q and
process analysis values.

3. Method

In order to assess the [-O-based hybrid analysis method.
to provide a more accurate representation of its complete-
ness and reliability, the results from this LCI method need
to be compared to the results rom traditional and other
hybrid LCI methods. Each method needs to be applied to a
range ol case studies. 1o ensure a range of LCT values are
produced at various levels of detail. This level of analysis
has not previously been performed. The application to a
range of different case studies will improve the relevance of
Lhe study across the types of products likely to be evaluated
in the future.

The significance of the production and consumption of
energy towards global environmental impacts hag led to
more streamlined methods of LCA. such as life-cycle
energy analysis (LCEA), being developed. Due to the
significance of energyv consumption from within the
manufacturing and construction industries in particular,
this assessment of the -O-based hybrid analysis method is
based on energy as the sole parameter. in particular. the
embodied energy compenent of an LCEA.

The steps involved in the 1-O-baged hybrid analysis
method are detailed below. For an 1-O-bascd hybrid
analysis, the steps for process analysis. 1-O analysis and
process-based hybrid analysis are also required (Fig. 1).

i Process analysis

[nput-eutput analysis

l

l Process-based hybrid analysis ~—>| Input-output-tased hybrd analysis

Fig, |, Outline of 1-0-based hybrid analysis framework.
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3.1 Inpui-output-based hybrid analvsis

An [-O-based hybrid analysis uses the data gathered
(rfom a traditional process analysis, and the result of a
process-based hybrid analysis and increases the complete-
ness of the LCI even further. with the use of I-O data. For
this study, process data were derived based on the
quantities of material inputs into the main products and
a material cnergy intensity database (Grant, 2002).

National IO tables. produced by the Australian Bureau
of Statistics (ABS). using 1-O data for Australia for the
financial year 1996-1997 were combined with national
energy data from the Austrahian Bureau of Agricultural
and Resource Economics (ABARE) to develop an energy-
based T O model of the economy. A number of these
models have been developed for Australia (e.g. Lenzen.
2000; Lenzen and Lundie, 2002; Treloar, 1997). The I-O
tables were divided into 106 sectors of the Australian
economy  (for example; “household appliances’. ‘road
transport’. ‘residential construction’). Each one of these
economic sectors has a respective direct energy intensity
and total energy intensity, both quantified in G1/S1000 of
product, representing the amount of energy used directly
and in total to produce $1000 worth of products from that
specific sector. It is therefore necessary to determine to
which sector the product being studied belongs in order Lo
determine the energy intensities to be applied to that
product. The imput—output theory underlying these calcu-
lations is extensively documented elsewhere (Lenzen,
2001b: Leontief, 1966; Miller and Blair, 1985; Proops,
1977) and shall thercfore not be repeated here. The retail
price of the product was obtained from the supplier of the
product, or it this was unavailable. for example [or
buildings, an estimate was made based on literature and/
pr necessary assumptions.

The delivered quantities of basic materials obtained
through the process analysis were then used as the basis lor
3 process-based hybrid analysis. For this. a number of
hybrid material energy intensity figures, combining both
process and 1-O data, were derived. A hybrid energy
intensity figure was caleulated for all of the most common
basic malterials, such as steel, timber and glass. These
figures are expressed in GJ/unit (usually t, kg, m* or m’) of
material and represent a simplified method of incorporat-
ing process data into the analysis. giving the amount of
snergy embodied in, for example, a kilogram ol that
material:

Sm

Ely = PEIym +(TEL, — TELy) x 1000

(1)
where Ely is the hybrid energy intensity of the basic
material: PELy, the material process energy intensity; TEI,
the total energy intensity of the -0 sector (1) to which the
basic material belongs; TEly,; the total energy intensity of

(he 1-O path representing the basic material: and Sy the
lotal price of the basic material.,

Ongce the hybrid material energy intensities had been
caleulated, they were multiplied by the delivered quantities
of basic materials ol the product. These individual material
embodied energy figures were then summed to obtain the
process-based hybrid embodied energy value for the
product,

The next step was to extract the inputs from the relevant
sector of the economy from which the product belongs, by
using an aleorithm developed by Treloar (1997) and the
energy-based model based on 1996-1997 1-O data. Then,
from the inputs extracted, the inputs that have been
counted in the process analysis inventory are identified.
The total energy intensity of each of the inputs represented
in the process analysis inventory is subtracted from the
total energy intensity of the seclor. 1I' a process analysis
value is available then the relevant input from the input
extraction must be subtracted from the total energy
intensity of the sector to avoeid double counting, The
remainder of the unmodified inputs (the total energy
intensity of the sector minus those inputs subtracted. in GJ/
$1000) are then multiplied by the price of the product (§)
and divided by 1000 to give the additional energy inputs lor
the product. in GJ. The process-based hybrid analysis
value is then added to this figure, minus the direct energy
component (as this is included in the remainder of
unmodified inputs), to give the [-O-based hybrid embodied
energy lotal:

EE, = Oy x W x Elyy + (TEIL, — TELy) % ﬁ]% 2)
where EE, is the total embodied energy through 1-O-based
hybrid analysis: Oy the quantity of materials in the basic
product: W the wastage multiplier of the respective
material: Ely, the material hybrid energy intensity: TEI,
the total energy intensity of the I-O sector (#) to which Lhe
product being assessed belongs: TEly the total energy
intensity of the I-O path representing the basic material:
and $gp the total price of the basic product.

Table | provides an example of the |-O-based hybrid
LCI assessment method.

Table |
Example ol an 1-O-based hybrid analysis

Process Embodied energy
(Gl

Process dala for quantified materials 15.99

Input -output data used to Gl opstream gaps 14.31

Process-hased hvbrid analysis total 3030 {a)

Input-output data for specific product sector

Direct energy intensity 0.51 (b)
Total encrpy intensity 64.10 (e)
Inputs covered by provess data 24.27 (d)y
Remainder (¢c—b-d) 39,33 (¢)
Taotal (a +¢) 6Y.63
Proportion of process data 234%

N.B. Figures may not sum due to rounding,
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Traditionally, the consideration ol capital inputs, such as
the machinery used for the manufacture of materials. has
been ignored. Even some of the most recent and
comprehensive LCI methods and studies have neglected
to mclude these capital inputs; mainly due to difficulties
involved in its collection. Lenzen (2001b) and Lenzen and
Treloar (2004) have shown that these capital inputs may be
quite significant. Recent improvements to the hybrid LCI
methed evaluated in this study include the consideration of
these capital inputs and the use of a model based on
19961997 -0 data. providing a more comprehensive and
complex system boundary than ever before.

3.2, Evaluation method

Many previous evaluation methods have been appro-
priate for evaluating the results from traditional LCI
methods, such as [-O analysis or process analysis.
However. a method 15 needed to evaluate an LCI method
that combines both process and 1-O data; in this case. I-O-
based hybrid analysis. Gap analysis and comparative
analyais are considered most appropriate for this evalua-
tion of the I-O-based hybrid anadlysis method as they focus
on the evaluation of final LCT results, rather than initial
data inputs. minimising the errors and limitations asso-
ciated with similar previous evaluations. The use of two
methods for evaluating the 1-O-based hybrid analysis
method is necessary since currently no single method exists
for evaluating both completeness and reliability of hybrid
LCI methods. Whilst gap analysis is capable of assessing
the gap between the process analysis and I-O-based hybrid
analysis results. to measure the completeness of the process
analysis results. comparative analysis is required to
evaluate the reliability of the IO data used in the [-O-
based hybrid analysis. The combination of these two
evaluation methods provides a more thorough evaluation
of the appropriateness ol using the -O-based hybrid
analysis method.

The following provides a description of the detailed
evaluation methods applied to the LCT results of a range of
products. components and materials to provide a more
detailed assessment of the use of the T-O-based hybrid
analysis method. The evaluation methods that have been
used for the evaluation of the LCI methods in this study
include:

e gap analysis and
@ comparative analvsis.

Gap analysis has been used to assess the difference between
the process analysis values and the 1-O-based hybrid
analysis values for each of the case studies, as a measure of
completeness with respect to the I-O system boundary.
This is done by subtracting the equivalent process analysis
value from the 1-O-based hybrid analysis value. The
purpose of this is to show the embodied energy added
through the use of 1-O data, through the application of the

more comprehensive 1-O-based hybrid analysis method.

This gap can also be expressed as the percentage of

completeness of the process analysis value when compared

to the respective 1-O-based hybrid analysis value:

IOHA — PA
IOHA

where PA is the embodied energy of the main produet
through process analysis and IOHA the embodied energy
of the main product through I-O-based hybrid analysis,

Comparative analysis is used to evaluate the process
analysis and -0 analysis values for the whole product,
individual components and materials. as a measure of
reliability. The I-O analysis values are those extracted from
the I-O model which are, through the process of the I-0-
based hybrid analysis, substituted with process data. The
process analysis values are therefore those substituted in
place of the 1-O figures. These two comparable figures are
then evaluated to compare the I-O values against the
process analysis values.

GAP = x 100,

3.3, Application of evaluation methods to case studies

In order to evaluate the reliability and completeness of
the 1-O-based hybrid analysis method, the evaluation
techniques are applied to a range of different components.
materials, systems and products and at dilferent levels ol
detail. Due to the significant environmental concerns and
complexity associated with the construction and operation
of buildings (Treloar, 1998), the items selected were those
related directly to buildings. A number of case studies were
identified. all of which required a reasonable amount of
process data quantities to be available to enable u
comparison to the equivalent 1-O values.

Once the 1-O-based hybrid analysis was applied to each
case study and the results of the LCI determined. the
evaluation methods were applied. The results obtained
from these evaluations were then used to assess the
completeness and reliability associated with the 1-O-based
hybrid analysis method.

3.4. Deseription of case studies

The case studies selected to test the reliability and
completeness of the [-O-based hybrid analysis method
include two commerctal office buildings. a residential
building. a Velodrome (all located in Melbourne. Austra-
lia) and a number of building related products including; a
solar hot water system. building mtegrated photovoltaie
(BiPV) system and a washing machine.

The first two case studies are two commercial office
buildings. The gross floor area (GFA) of the first of these
buildings is 47 000 m” with § and 13 storeys in the front and
rear halves, respectively. The building eonstruetion type is

of a reinforced concrete structure, clad in precast concrele,

glazed panels. aluminium framed curtain walling and
granite veneer panels. The roof consists of insulated steel
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decking. and internal partitions consist of plasterboard
clad steel framed and concrete walls and glazed screens.
The building services were also included in the analysis.

The second commercial office building has a GFA ol
11588 m” over three storeys and consists of a 200 mm thick
reinforced concrete siab substructure; steel columns; steel
roof frame and decking; aluminium [ramed toughened
glass glazed rool: precast concrete and aluminium cladding
panels for external walls; frameless toughened glass solar
double glazed windows; aluminium framed toughened
glase curtain walls. louvers. screens and windows: and
internal walls of single skin brickwork, 10 mm plasterboard
clad steel and 200mm thick autoclaved aerated concrete
blocks.

The third case study is a single storey detached brick
veneer house with a GFA of 109 m”. The substructure of
the building consists of a timber sub-floor on concrete
stumps and the external walls are of brick veneer
construction. The structural framing is a traditional timber
frame clad with plasterboard internally and the roof is clad
with conerete tiles. The ceiling is insulted with R2.5
fibreglass batts, and the walls and roof have reflective foil.
The windows are single glazed and timber framed. The
appliances and external structures, including a timber deck
and pergola and concrete porch, were also included in the
analysis.

The fourth case study is the Velodrome used for the 2006
Melbourne Commonwealth Games and consists of a two-
storey building, with a GFA of 8947m”. which also
includes change rooms, [unction rooms and spectator
seating. The construction of the building incorporates
concrete slabs and walls: steel trusses and (raming:
metal clad roof and external walls: and aluminium
windows,

Case study five is an electric-boosted solar hot water
system. The system used for the study is a closed circuit
gystem. comprising of a storage capacity of 3001 and a
collector area of 3.96m”. The storage tank consists ol a
steel container with steel end domes; vitreous enamel
lining; magnesium anode: polyurethane foam insulation;
steel jacket: aluminium outer casing; and polypropylene
casing cnds. The collectors consist of a steel absorber plate
with a black polvester powder coat finish. surrounded by
polyester insulation. cased in aluminium. with a tempered
glass top surface and aluminium glazing angles.

The sixth case study is a BiPV system. A BiPV system is
commonly used in buildings to generate electrical energy
through the conversion ol solar energy. offsetting the
energy consumed in the everyday operation of a building.
This system consists of two mono-crystalline silicon (c:Si)
75W photovoltaic modules in aluminium frames with a
total area of 1.26m°. Each module contains silicon cells
laminated between sheets of cthylene vinyl acetate (EVA)
and high-transmissivity low-iron 3mm tempered glass,
fixed to a number of timber rafters as part of a typical
residential roofing system. An advantage of this type of
integrated installation is the embodied energy credit {rom

the displacement of conventional roofing materials. as
accounted lor in this study.

Case study seven is a typical houschold clothes washing
machine. The washing machine used in the study consists
of a large number of parts, including metal panecls and
frame: switches: control units; hoses; fixings: pump;
motors; pullevs; and packaging. These parls are made
from a number of main materials including steel, plastic,
aluminium. copper and cardboard.

These seven case studies have been summarised in Tables
2 and 3.

The quantities of materials used in each of the case
studies were determined. Information regarding compo-
nents. materials, masses, areas and volumes was obtlained
from various public domain sources. These usually
included the architectural plans, specifications, bill of
quantities, manufacturers of the various producls or
through assumptions where information was unavailable
or unknown.

4. Results and discussion

The LCI results of each ol the case studies. based on
cach of the LCT methods, are shown below (Tables 4 and
5). These results show both the process analysis and 1-0
analysis proportions for the 1-O-based hybrid analysis
values,

A large range of values is evident for the buildings
studied (Table 4). These results range from 6.4 GJ/m” for
the residential building, using -0 analysis. to 29.4 GJ/m”
for the first commercial building using 1-O-based hybrid
analysis.

Table 2
Building case study details

Case study No. of GFA (m) Conslrucuon (yvpe
storeys
Commercial 813 47000 Conerete frame
building (1) and precast
vonerete

Commercial 3 L1 388 Steel frame and

building (2) precast conerele

Residential | 109 Brick veneer

building (3)

Velodrome (4) 2 8947 Steel frame and

precust concrete

Table 3

Building produel case study details

Case sludy Price (8) Size Description

Solar hot water 2986 300 L tank, Electric

system {3) 3096m° hoosted. two
collector colleetors

Building inlegrated 1560 1.26m" 73W @:Si

PVs (6) (2% 0.63m°) maodules

Washing machine (7) 1050 Sk Typical model
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Table 4
Embodied energy of butlding case studies for cach LCI method
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Case study PA (a) (GJ-"m“‘a I-OA (G)/m7)

PHA (GJ/m)

1-O-based hyhrid analysis

Totul (h) (GJ/m?) Yo PA value %o 1-Q value {gap)

| 104 16.0 194
2 8.0 /i) 17.8
3 6.4 [ 4.4
4 4.1 1.0 16.0

294 34 Hb
258 i 60
17.0 41 39
218 37 63

N.B. “gap’ = (b—a)/b x 100, PA = process analysis: [-OA = inpul-output analysiss PHA = process-based hybrid analysis.

Table 5

Embodied energy of building product case studies for each LCI method

Case study PA (a) (GT) -OA (Gl PHA (GJ) I O-based hybrid analysis
Total (b) (GJ) Y PA value ¥ -0 valoe (gap)
3 16 64 30 69 23 T
G 7.4 29 8.0 24 28 72
7 2.4 23 ) 19 13 87

N.B. tgap’ = (b—a)/b = 100

For all of the case studies, other than the residential
building, the process analysis results were lower than the
respective [-O analysis results. This reflects the views of
Lenzen and Dey (2000) who found that process analysis
results are consistently lower than results calculated using
[-O analysis. The exception to this (residential building)
may be due to any or all of the following:

® an underestimation of the price of the building as used
in the 1-O analysis;

® 1 considerably large proportion of process data being
available;

® other limitations associated with 1-O analysis.

The process-based hybrid analysis figures show the effect of
one method of combining process data and [-O data. All
ol the building case study process-based hybrid analysis
values are meoderately higher than the respective 1-O
analysis values. The reason for this may be due to the
possible underestimation of the price of the buildings used
m the calculation of the [-O analysis results. This may
mean that -0 analysis provides a significant under-
estimation of the embodied energy of the buildings studied.
Therefore. the results of the gap evaluation are also likely
to be conservative. As expected. all of the process-based
hybrid analysis values are also higher than the process
analysis values due to the use of -0 data to fill some of the
gaps in the process analysis method,

The I-0-based hybrid analysis results show a significant
increase in the total values for the building case studies
over the process-based hybrid analysis results (Table 4).
The percentage of the total 1-O-based hybrid values made
up of 1-O data for each building case study ranges from
39% to 69% with an average across these case studies of

~64%. These figures represent the gap in traditional
process analysis.

A large range of values is evident for the building
products studied. These values range from 2.4 GJ [or the
washing machine using the process analysis method to
69 GJ for the solar hot water system using the 1-O-based
hybrid analysis method (Table 5).

Table 5 shows that the process analysis values of each
case study are considerably lower (han the values
calculated through the I-O analysis. For example, the
process analysis value of the washing machine is 2.4 GJ.
compared to the 1-O analysis value of 23 GJ. This may be
due to only a small amount of process data being available
for these case studies or the price for the individual
products being higher than the T-O sector average. This
result also reflects the incompleleness associated with
process analysis.

The process-based hybrid analysis values for the building
product case studies are significantly lower than the
respective 1-O analysis values (Table 5). This may be due
to these products being complex and/or a small amount of
process data being available, However, as was expected,
they are higher than the respective process analysis results.
This is due to the inclusion of 1-O data (o fill the gaps in
the process analysis results. This contrasts with the
building case study process-based hybrid analysis values,
which are significantly higher than the respective 1-Q
analysis values (Table 4).

The 1=O-based hybrid analysis tesulls showed a sig-
nificant increase in the total values over the process
analysis and process-based hybrid analysis resulty for the
building case studies (Table 4). This was to be expected duc
to the use of 1-O data to fill the gaps in these process-hased
LCIl methods. However. for the building product case
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studies; these increases are even more significant, with the
[-O-based hybrid analysis valugs more than double the
equivalent process-based hybrid analysis values (Table 5).
The main reason for this may be due to the building

products being more complex, or only a small amount of

process data bheing available. These [-O-buased hybrid
analysis values are almost identical to the [-O analysis
values. showing that the process data collected may not
have had a significant impact on the (inal results. This may
also be partly due to the combined errors associated with

the data used. Thig indicates that there may be a lack of

availuble process data for these products. This is also
reflected in the proportion of 1-O data in the I-O-based
hybrid analysis values for each building product case study,
ranging from 72% to 87% with an average across these
case studies of 79%,. These values reflect the considerable
gap in traditional process analysis.

4.1, Gap analvsis

The gap between the process analysis value and 1-O-
based hybrid analysis value of the building and building
product case studies ranges from 59% (residential build-
mg}). and can be up to 87% (washing machine) (up from
80% in previous assessments, showing the increased
complexity of the improved model) (Tables 4 and 5), with
an average gap of 70%. This evaluation has shown that
traditional process analysis suffers from a large truncation
error, and that [-O-based hybrid analysis, through its
increased complexity, provides a more comprehensive
evaluation of energy inputs to buildings and building
products. The truncation errors associated with process
analysis have been identified by Lenzen (2000, 2001a) to be
in the range of 50%. The results obtained from this study
support Lenzen, and show that this gap is even greater for
certain buildings and building products, much greater than
those previously reported (Lave et al., 1995; Lenzen, 2000,
2001a; Lenzen and Treloar, 2002, 2003).

What was found to be significant in the evaluation of the

ap between process analysis and [-O-based hybrid
analysis results was that the gap for all of the building
casc studics was less than the gap for any ol the building
product case studies. The reasons for this may include any
or all of the following:

e material inputs differing between buildings and building
products;

e variations in the quality and quantity of process data
available;

e difference in 1-O total energy intensities and complexity
for building sectors (‘residential building” and “other
construction’) versus building product sectors.

The gap between the process-based hybrid analysis and
1-O-based hybrid analysis results ranged [rom 15% to 34%
for the building case studies and 53% to 72% for the
building product case studies. The reason for the consider-

able gap in process analysis and process-based hybrid
analysis results is due to the truncation errors associated
with process data (Lenzen, 2000. 2001a). The significance
of this gap shows that even process-based hybrid analysis
does not always provide a comprehensive assessment of the
LCI of particular products. A breakdown of the gap
between process analysis and 1-O-based hybrid analysis
results of the material mputs to each product was
performed to provide a more detailed and less aggregated
evaluation than on a whole product basis. However, on this
more detailed level, the gap between Lradilional process
analysis and I-O-based hybrid analysis results remains
significant.

4.2. Comparative analysis

The results of the comparative analysis for all of the case
studies are shown in Fig. 2. A logarithmic scale was used to
avoid smaller values heing lost for the sake of visual
comparison. The initial I-O values of material inputs and
whole products for each case study are compared to the
modified process analysis values to determine the validity
of the I-O values, against the more reliable process analysis
values, in particular for use in accounting for those inpuls
which a typical process analysis does not consider. The 1-O
values for which equivalent process data were not available
could not be compared. However, if the equivalent 1-O
values of the inputs for which process data have actually
been collected are compared. then the results of this
comparison could apply to those IO values used to
complete the system boundary in an |-O-based hybrid
analysis. The intent here 1s Lo indicate that the national
average 1-O data are not always a perfect model for the
process data. A strong correlation is not required to enable
the use of I-O dala to fill the gaps in traditional process
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Fig. 2. Comparison of 1-O values and process values for all case studies,
by product and material,



a04 RH. Crawford [ Jowrnal of Envirommental Management 88 (2008 | 496506

analysis. although it would be beneficial in terms of
validating the reliability of the T-O data.

With the relatively even distribution of values both
above and below the bottom-left to top-right diagonal
(59% and 41% of produets and materials, respectively). the
initial 1-O analysis values are shown to be fairly
conservative. The [-O values used to fill gaps in the hybrid
model. when no process data are available, are therefore
also likely to be conservative. While this comparison shows
a strong relationship [or a very small number of materials
and products (~17%). there is very little correlation for the
overwhelming majority of the comparisons (average
correlation of (1.67), well below what is considered to be
a4 strong correlation (=>0.9).

The comparative analysis between 1-O and process data
showed that the values provided by [-O data do not give an
accurate indication or representation of the equivalent
process values. on a material mput or whole product level.
Therefore. the use of T-O data to account for that process
data which is Lypically not collected in an LCI may not be
appropriate. However, the gap in traditional process analysis
has been shown to be too large to ignore and thus, even with
the current limitations associated with 1-0 data, its use may
be more beneficial than not using it at all. This current study
has shown the lack of close correlation between process and
10 values across a broad range of building types and
building products. However, due to the truncation errors
associated with process data. resulting in large gaps between
these values and |-O-based hybrid analysis values, this is
mare likely ta be due to the limitations of current process
data in Australia, particularly the insufficient quantity and
possibly quality of such data. With this is mind, the aim must
be to collect more process data before a more sophisticated
evaluation of the [-O-based hybrid analysis method can he
made. The quality of the available Australian process data
can then be evaluated. ullowing for further evaluation of LCI
methods to occur.

4.3. Combined cvaluation

The relationship between the values obtained from the
gap analysis and the comparative analysis can be used to
determine the further significance of the initial findings of
the study. This relationship is shown in Fig. 3. The gap
values. shown on the "y-axis’, represent the % gap between
Lhe process-based and 1-O-based hybrid analysis results for
the material inputs and whole produets. The “y-axis'
represents the comparisons between equivalent process
and I-0 values for the material inputs and whole products.
These values are converted Lo a percentage of correlation
between the two values. For example. a value of 100%
would show a perfect correlation between the equivalent
process and [-O value (correlation of 1.0). A value higher
than 100% means that the process value is higher than the
equivalent I-O value. Therefore. a value of 0% correlation
would mean that no process data were available and that
the gap is 100%.
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Fig. 3. Relutionship of gap and process versus 1-O value comparisons. by
material inputs and whole products.

Ideally. for I-O data to be shown to provide an accurate
representation of equivalent material input and whole
product process data values and for achieving a reliable
and comprehensive LCL. there would be a relatively low
gap (closer to 0% on the y-axis. and no more than 50%)
and a close correlation between process and I-O values
(close to 100%). This ideal situation is shown by the area
surrounded by the dotted line in Fig. 3. All of the points in
the graph lie outside this ideal area. Thus, it is again shown
that there is 1 weak correlation between equivalent process
and 1-O values and that there are large truncation errors
associated with currently available process data (as shown
by the large gap). Due to this, it appears that [-O data do
not provide an accurate representation ol the equivalent
process data for material inputs and whole products. The
significant gap for all of the inputs shows the need for
improvements mn the completeness of process-based LCI
methods,

Due to the state of currently available Australian data,
this level of evaluation of LCT resulis is considered to be
sufficient as the errors and limitations of these current LCH
data sources and methods restrict any more sophisticated
evaluation from being relevant or necessary. If it were
shown that a majority of these points had a low gap and
strong correlation. then it may be possible that the current
evaluation methods are not sophisticated enough in view of
current levels of available process data.

The relationship between the gap and the comparison of
[-O and process values showed that although there were a
number of points with a fairly low gap and a higher process
value than 1-O value, the majority of points showed a high
gap and a lower process value than 1-O value. Typically,
the gap between the process analysis and [-O-based hybrid
analysis results ranged [rom 33% upwards, with the higher
proportion of these above 50% and even up to 100% in
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some cases. In all cases this gap is significant. while the
exacl degree ol this gap may be dependant on a number of
factors neluding;

@ quantity and quality of process data availuble:
e variation in material inputs:

® cnerey mlensity of material mputs:

@ cnergy inrcnsity of T-0O sectors used.

For example, a particular material will have a certain 1-O
total energy intensily, while the process-based energy
intensity of this material may be greater than the national
average due to a particular manulacturing process or
loeation.

As the evaluation between the gap and comparison
between process and I-O values has shown that none of the
points have a low gap and strong correlation, it can be
assumed that the quantity of currently available process
data are not sufficient for the LCI of buildings and building
products. However, as for 1-O data, having some process
data is better than having none at all, and may be adequate
uniil more process data are collected.

4.4, Capital inputs

Whilst the I-O-based hybrid analysis method used in this
study has been in existence for a number of years, the
inclusion of capital inputs (within any method for that
matter) is a new development. Previous studies based on
the case studies used in the current study (Crawford, 2004).
using an [-OQ model based on data exclusive of capital
equipment inputs showed lower results than those calcu-
lated in this current study. Table 6 shows the 1-O-based
hybrid analysis results of these previous studies and based
on these results, the percentage that these capital inputs
contribute to the current results.

It has been suggested in the past that capital inputs may
account for up to 10-17% of the total embodied energy of
any particular product (Gorree et al., 2002: Lenzen.
2001b). This study has shown that these capital inputs
may account for up to 22% of a product’s embodied
energy, with an average across the buildings and building
products looked at in this study, of 15%. This value is

Table 0
Previous case study results and percentage of cipital companent in current

results

Case study Previous TOHA resulls Yo Capitil in current

(G unit) results
l w47 7.5
3 136 8.3
3 134 2
4 19.7 10
5 54 22
6 A5 14
7 13 21

reflected by the views ol Gorree et al. (2002) and Lenzen
(2001b). As capital inputs are rarely accounted for in LCI,
the exclusion ol these inputs is one reason for the
incompleteness associated with past LCT studies. The
inclusion ol capital equipment inputs in the -0 model
has shown to increase the gap between [-O-based hybrid
analysis and process analysis results even further.

5. Conclusions

This paper has assessed the reliability and completeness
of an I-O-based hybrid LCI method. Traditional LCI
methods, 1-O analysis, process analysis and process-based
hybrid analysis, were used in this evaluation and applied
across a range of building types and products.

It was found that current levels of available process data
are insufficient. This is demonstrated by gaps of up to 87%
shown lor process analysis methods. The use of 1-0O data to
fill the gaps associated with traditional process analysis
methods was evaluated. The comparison between equiva-
lent process and 1-O values showed (hat 1-O data do not
provide a reliable representition of the equivalent process
values for material inpuls and whole products. Therefore.
the use of IO data to account for inadequate or missing
process data is not reliable. However, as there is currently
no other method for filling the gaps in traditional process
analysis. and as [-0 data are considered to be more
complete than process data and the errors possibly
somewhat lower, using [-O data to fill the gaps in
traditional process analysis appears to be better than not
using any data at all. This appears to be of even greater
importance for more complex products. such as building
related products. The main advantage of the 1-O-based
hybrid LCT method is that it improves the system boundary
completeness. However, with the errors still evident in
process and -0 data, when conducting an LCI using either
form of data, it is essential that the potential inuccuracies
associated with the LCI, as a result of these errors, are
stated,

Whilst previous LCI studies have neglected to account
for capital energy inputs, even those based on comprehen-
sive hybrid approaches, this study has shown the sig-
nificance of these capital inputs. Excluding these capital
inputs can result in underestimates in LCI values ol up to
22%.

This study showed that current evaluation methods are
sufficiently accurate for the data typically available. 1-0-
based hybrid analysis is currently the preferred method for
the LCl of Agstralian buildings and building related
products due to its superior level of completeness when
compared to traditional methods.

6. Further research
This study has shown that there is a significant lack of

process data currently available in Australia and further
improvemenls in the quantity of this data are needed 1o
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increase the reliability of life-cycle inventories. Subsequent
re-validation ol LCI methods may be necessary in the light
of expected progressive improvements in data availability.

If future comparisons between equivalent process and
-0 values were Lo show a close correlation. then it may be
necessary to re-evaluate whether 1-O data have become a
reliable indicator of missing or inadequate process data.
and therefore whether any further collection ol process
data is required.
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Abstract

An interactive optimization methodology for allocating the number and configuration of an Air Quulity Monitoring Network
(AQMN) in a vast area to identify the impact of multiple pollutants is deseribed. A mathematical model based on the multiple cell
approach (MCA) was used to create monthly spatial distributions for the concentrations of the pollutants emitted from different
emission sources, These spatial temporal patterns were subjeet Lo a heuristic optimization algorithm to identily the optimal configuration
of 4 monitoring network, The objective of the optlimization is to provide maximum information about multi-pollutants (i.e.. CO, NO,
and 50) emitted from each source within a given area. The model was applied to a4 network of existing refinery stacks and the results
indicate that three stations can provide a total coverage of more than 70%. In addition, the elfect of the spatial correlation coefficient
{R¢) on total area coverage was analyzed, The modeling results show that as the cutoff correlation coefficient R is inereased [rom 0.75
to 0.95, the number of monitoring stations required for total coverage is increased. A high R based network may not necessarily cover
the entirc region. but the covered region will be well represented. A low R based network, on the other hand. would offer more coverage
of the region, but the covered region may not be satisfactorily represented.

L 2007 Elsevier Lud, All rights reserved.

Keywordy, Alr Quality Monitoring Network; Multi-pollutant: Optimization: Industrial area

database for research and evaluation of effects of urban.
land-use and transportation planning.

[. Introduction

Air Quality Monitoring Network (AQMN) design to
measure pollutant levels in the atmosphere is of «
fundamental signilicance when environmental impact
studies are developed. The United States Environmental
Protection Agency (US-EPA, 1999), [or instance, indicates
that such networks enable us to identily the degree by
which pollution is actually taking place nearby pollutants
sources; to establish a basis for comparison ol air quality
standards with the actual air quality levels: and to monitor
source compliance with regulations as well as to provide a
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The design of environmental site sampling sclection has
been well studied in meteorological sciences (Gandin.
1970), hydrology (Andricevic, 1990; Kassim and Kottegoda,
1991), and geological sciences (De Marsily et al., 1984;
Russo, 1984). Several attempts were also made in order to
design a representative AQMN (Munn, 1981: Trujillo-
Ventura and Ellis, 1991; Chang and Tseng, 1099: Tseng
and Chang. 2001). This was not only due to the important
nature of the problem involved in atmospheric processes
but also to the complex distribution of the emission
sources. Air pollutants are emitled [rom a variety of
sources and are transported and dispersed by the atmo-
sphere; the turbulent processes in which can only be
described statistically. As a result, pollutant concentrations
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not only Muctuate in time but also differ from place
to place. Such a condition makes the selection of sites to
give a reliable and realistic picture ol air quality a major
issue and at the same time a challenging task. Among
the few studies on AQMN design. Koda and Seinfeld
(1978) presented a methodology for distributing a
number of monitoring stations in 4 study area in order to
obtain the maximum sensitivity of the collected data to
achieve the variations in the emissions of the sources
of interest. The developed methodology needs the avail-
ability of a mathematical model to estimate the ground
level concentrations of pollutants under different me-
teorological scenarios. The design of an AQMN in the
grealer London area was conducted by Handscombe
and Elson (1982) based on the concept of a spatial
correlation analysis. As another example. Graves et al.
(1981) performed the design of an AQMN in Fulton
County. Georgia in which only nen-reactive pollu-
tants were considered. A statistical measure of infor-
mation content was used as a mean for assessing the
effectiveness of a particular monitoring network config-
uration in Canada (Pickett and Whiting, [981); and a
study on interpolation lechniques was undertaken in the
Netherlands resulting in an evaluation of the errors in-
volved in the spatial analysis (Egmond and Onderdelinden,
1981).

The consideration of multi-pollutant AQMN design with
respect to different objectives was presented in a series of
papers by Modak and Lohani (1985a,b), in which the
design principles of a Minimum Spanning Tree (MST)
algorithm for single or mulliple pollutants with respect to
one or two objectives was illustrated. McElroy et al. (1986)
applied air quality simulation models and population
exposure information to produce representative combined

patterns. and then employed the concepts ol “sphere of

influence” (SO1) and “figure of merit’ (FOM) developed by
Liu (1986) to determine the minimum number of sites
required. Trujillo-Ventura and Ellis (1991) further dis-
cussed the issues of multi-objective air pollution monitor-
ing network design. Arbeloa et al. (1993) presented a
methodology based on the concepts of potential violations
to takc into account the number of times that the
maximum concentration values tolerated by law are
exceeded.

In this paper. an interactive optimization methodology
to represent multi-objective multi-pollutants AQMN de-
sign is presented. The oplimization algorithm is an
extension of the ideas presented by Modak and Lohani
(1983a.b) and these by Arbeloa et al. (1993). A MATLAB
program was written based on the methodology discussed
in this paper. The developed algorithm was used Lo Lreat
the output results of the mathematical modeling based on
the multiple cell approach (MCA) delineated in Fatehifar
¢t al. (2006) to rcpresent the optimal multi-pollutant
AQMN around Tabriz Refinery area. The objective of this
AQMN design is that station location must be optimized
with respect Lo sensitivity of monitoring stations to

evaluate the impact of multi-pollutant gages such as CO.
NO. and SO, released from Refinery stacks.

2. Methodology description

The main theme of the methodology delineated below is
to build a visible solution space for the selection of the
oplimum monitoring sites. Such visible solution can be
obtained from concentration values [rom experimental
campaigns of measures of atmospheric pollution or
estimations of such concentrations [rom a mathematical
model. Tn general. the vse of a mathematical model is
recommended for creating 1 more exlensive database. in
this way, an initial hypothetical network as dense as desired
can be generated within the vicinmity of the emission
sourees.

For the designed network to be elfective, air quality data
should be collected during a sufficient period for the final
data set to be representative of the area in which the
network is Lo be located. One year is usually considered a
minimum for reflecting the meteorological variability of the
area (Munn. 1981). In this study. a mathematical model
based on a multiple cell approach (MCA) is used to
generate discrete grid points each ol which represents a
candidate location. Starting from this set of potential sites
in which a monitoring station can be located, the basic idea
is to formulate an oplimization strategy based on different
siting objectives and to take into account the coverage area
and the detection ability of legal violations of each
allocated station.

Monitoring objectives considered in the optimal alloca-
tion of AQMN through multi-objective analysis may
include: (1) monitoring stations should be located in areas
of highly populated regions: (2) monitoring stations should
be located in arcas where pollution concentrations arc
expected to be the highest: (3) monitoring stations should
be located in areas where the highest frequency of
violations can be detected; (4) monitoring stations should
be located in areas where significant economic growth is
expected to occur; and (5) monitoring stations should be
located near major industrial sources (Tseng and Chang.
2001).

2.1. Dispersion model

The multiple cell approach (MCA) used in this work is
based on the solution of the three-dimensional diffusion
equation to predict the dispersion of emitted pollutants
from refinery stacks. The prediction of the pollutants
emitted from the stacks can be broken down into the
lollowing steps:

. Describe the geometry of the domain.

. Describe the position of stacks in the selected domain.

. Introduce appropriate boundary conditions.

. Introduce sources, sinks. and the dispersion character-
istics for the entire domain.

4 led D e
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h

. Select values or required equations for parameters in the
model.
6. Divide the domain
dilference equations.
7. Find the concentrations at all grids for all pollutants
simultancously.
. Dutput results m a visualized form.

into cells and solve the finite

{r=]

Step 2 in the above procedure differs slightly from the single
stack case as we are considering multiple stacks at different
loecations; The modeling process starts with first writing a
conservation of mass equation for each pollutant and then
c‘l}v;ding the air space mnto an array of cells (Fig. 1).

The conservation ol mass for a fluid element and for a
given pollutant S may be written as

act o,y ol [.-"_..C"'}_ﬁ[ ULC®)
ar Cx ay gz

¢ act gl £, 8C" g  0C"
P2 (02 12 (629) + 2(29)
ax Ox ady cy oz dz
3

+ B =] + E)C 4+ (€Y, s=1,2....4. (1)

where ¥ is the concentration of the chemical species
involved in the model: U,, U, and U- are wind velocities in
the x-, p- and z-directions: K,. K, and K. are diffusion
coefficients; £ arc the emission sources; K| and K3 are
deposition coefficients (for dry deposition and wet deposi-
tion. respectively); and Q(C") represents chemical reactions.
The assumptions made are:

[. Steady state conditions (€C/dr =0),

2. U, = U. =0 (wind velocity in x-dircetion only).

A Tfanspnri‘ by bulk motion in the x-direction exceeds
diffusion in the x-direction (Ky = 0).

4. There i1s no deposition in the system (K] = K5 =0).

5. There is no reaction in the system (0 = 0).

18711 1213 14

12 -3 % 5% 7 '& 8

—_
g

=

B2 fd A Wha ~ o

-

Fig. |. Plume rise, pollutunt Lii'ip&::l'&';llll and g{'id genera tion for network of
refinery stacks.

Furthermore, the boundary and initial conditions required
to solve (1) are

at x=0, C(0./,k)=0.

aC
at y =0, (T =i

oy

oC

al y=W, — =10,
ok dy

acC
af 20, —— =0

oz

8C _

at z = mixing length, o 0. (2)

2 ]
(&

where I and mixing height are illustrated in Fig. 2.
Discretizing Eq. (1) according 1o the cells of Fig. | and
applying the boundary conditions shown in Eq. (2) along
with the stated assumptions leads to the finite dilTerence
representation given by

U, ChiyjuDyAz + (K ) AXAZ(CL e — Chpyga ) [ AV
(K AXA(Cly iy — Crayyoi 4/ Ay

+ (K21 pAXAVCL g — Cioy g )/ Az

A+ (K Y—1 pAXANCy e — Chogya—t )/ Az
= Uy, C} AyAz + Ej;  AvAz, (3)

where the values of wind speed and eddy diffusivily are
presumed known for every cell. Table | shows equations
used to estimate the values of wind speed and eddy
diffusivities. This is an explicit algebraic formulation and
may be unstable in some conditions. The stahility condi-
tion for this system is described as (Constantinides and
Mostoufi, 1999)

U,
Ax< —

a2 )
TE\A T A2

For illustration purposes. Fig, | indicates three stacks in
positions (4. 1, 7). (8, 3. 9). and (12. 3. 6). In these cells. the
term £ due to stack emission must be considered. This
term is zero for all other cells. More details about the
modeling of the above phenomena can be found in our
previous paper (Fatehifar et al.. 2006).

1200 my T

mixing height

(4)

P o
500 m ~ & L
80m L W
500 m 57, rd
200m -
A
e
(0.0,0) 10000 m

Fig. 2. Selected domain for simulation.
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Table |

Wind velocity and Eddy diffusivity for virious stability categories (Ragland. 1973; Ragland and Dennis, 1975 Zanneti, 1990)

Stubility Wind veloeity

Eddy diffusivity

b sweface Jayer, 0 ===z

Neutral i i (: + 2"
04 24 )

s
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4l ( 50 4 L
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04 ( X )
In
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[N”—f{u’](( ! )) + ity
\ N T el
Stahle 5y N\
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K.o=04u,L
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6000y Y

)

K- = 16007 (1

2.2, First objective: spatial coverage representation

The spatial area coverage of a monitoring location also
called SOI by Liu (1986) is defined as the zone over which
the air quality data for a given monitoring location can be
considered representative. Identification ol representation
for the SOI is based on the use of the spatial correlation
coelficient (R). This coelficient gives an indication of the
relationship among the monitoring lacations to be selected
in the designed optimal monitoring network. Suppose. for
instance. that two adjacent monitoring locations have the
following time series pollutant concentrations C; =
(G, Craso v Ciy) and € =(Cay,Cra. Cos....., Giy)
calculated by the MCA meodel. then the spatial correlation
coefficient for a sample size n can be expressed as

Z:l-_'| [(‘H = E“J N (-'3.-' = ?2]
e — TP (05 —CF

where €| = (1/m)}"_,Cy and Cy = (I/H‘JZLiCE; are the
average concentrations at locations | and 2, respectively.
A cutoll distance o, can be established so that the
correlation coefficient is expected to be less than a certain
cutoff value R¢. Here, we define the zone of a representa-
tive candidate location as the area surrounding it in which
the spatial correlation coefficient of this location with the
nearby locations is higher than a cutoff value R This

R =

(3)

means that the air quality data measured at this location
can be considered representative and extrapolative with a
certain degree of confidence to any location in the designed
network within the area.

When an SOI for a moenitoring location is calculated. the
coverage area of this sphere is defined as the number of
potential monitoring sites placed mside it. The coverage area
can be quantified in terms of pattern scores. A pattern score
[fo,) for an ith candidate location is defined as the number of
locations correlated to time series of concentrations predicted
using the MCA model at this location, above the specified
cutoff correlation coefficient R~ The optimization problem
could therefore be deliberated as the identification of (he
optimum number () and loeations of monitoring sites such
as an overall pattern score is maximized. i.e..

(L
Maximize » " N|. (6)
i=l
So far only one objective function that represents spatial
coverage was discussed. In the next section a sccond
objective of the optimization problem will he introduced.

2.3. Second objective: violations over ambient standards

A number of objective functions have been used in the
past to measure the capability of a designed network (o
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deteet violations ol air quality standards. The adapted
approach taken in this work considers the potential of a

monitoring site for the detection of violations in terms of

violation scores. This choice 1s due to the need 1o
incorporate in the optimization algorithm the relative
significance of the various alternative solutions. A candi-
date location with a high violation score is considered to be
of @ high potental for detection ol violations. The
computation of violation scores is essentially a weighted
scoring that corresponds to concentrations of SO-, NO,
und CO aubove prescribed thresholds. These scores are
therefore dependent on the threshold levels and the
weighing factors between each threshold range and the
weighing function.

A decision on threshold levels and weighing factors is
indeed pollutant-specific and dependent upon the aver-
aging time considered. Several weighing functions can be
employed such as linear. segmented linear. non-linear, and
segmented non-linear (Ott, 1977). In this study, a
segmented non-linear weighing [unction 1s used (Table 2).
The weights in the table represent an air pollution index

that ranges from 0.5 to 5 according lo the severity of

threshold exceedance. The wviolation score for each
candidate location is calculated [rom the equation

T N, -
: Wi — Wex — )X
N = zz( kbl — Wil = Xe)d )
=1 k=1

(Xpp1 — %)

where Af{ is the violation score for the ith candidate
location, wy, the weighing factor corresponding to threshold
XNy Xp the Ath threshold, X =0 if (x; — xp)<0, X =1
otherwise, N' the total number of thresholds, 7 the total
number ol simulated observations.

The weighing lunction associated with the violation
geores 18 1mportant because the severity of threshold
violations reported by two monitoring stations may differ.
In this work, the values for thresholds of SO,, NO, and CO
were chosen based on the US-EPA limit values of common
pollutants and are also given in Table 2.

Since the interest of the oplimization problem is to
achieve 2 maximum detection of violations over ambient
air standards, the second objective of the optimization
problem can be formulated as

(i3

Maximize Z N, (%)
i=]}

Table 2
Air pollution index assigned to weighing laetors values for the violation
score (Sarigiannis, 1999)

SO- {pe/m?) NO, (pgim?) CO (pgm™) Weighing fuctors

&0 30 4000 0.5
120 &0 6000 |
140 100 K000 25
160 130 13.000 3
190) 166 20.000 5

where N} is the potential of violation of the ith position.
and s is the number ol monitors.

2.4. Formulation of u composite objective function

In order to meet the two objectives described above a
composite objective function is formulated ag

F= Ny N2 (9)

The parameter  is used to weigh the relative importance
given 1o the two objectives and its value depends on the
purpose of the network to be developed. This structure of
the objective function ensures that if any of the two sub-
objectives becomes zero the overall objective function (F)
will also have a zero value (Modak and Lohani, 1985a.b).
This condition would imply that il a location has a high
violation score, but zero effective pattern score (ie., it is
already covered by other locations). then it is discarded in
the optimal design. The optimization problem can now be
state as

m

Maximize Z F; (10)
=1

such that (SOI' USOI* U --- U SOI") = (SOI' USOIF U .- - .
SOIY): total coverage or m = m"; partial coverage, where
F; is the objective [unction of the ith candidate location, m
the number of monitors. " the maximum number of
monitors based on the budgetary constraint, N the number
of candidate locations. and SOI' the sel of monitoring
locations correlated with location 7.

3. A heuristic algorithm for single or multi-pollutant
network design

Due to the computational complexity of the above
optimization problem. we present here a simple heuristic
algorithm for generating a near-optimal pollution mon-
itoring network. Work is in progress to develop an exact
solution methodology. The basic idea of the heuristic is to
build up a single fcasible solution space in a deterministic
sequential fashion. A description of the heuristic algorithm
for the solution ol the above problem based on one
pollutant network design is given below:

I. Start from the concentration data obtained through the
mathematical model (i.e., multiple cell model) of the
pollution phenomena to form a network represented by
a matrix of M x N where M is the number of predicted
concentrations 4t potential locations numbered from |
to N.

"

2. Calculate the spatial correlation matrix R, for
i=dy 2 NG T =2y D

3. Calculate SOl for i = 1,2,...,N.

4. Calculate the violation scores N, i=1.2.... . N.

L)

. Define the coverage area in term of pattern score N:_, for
each SOIT obtained. for i = 1,2,..., N.



th
ta

6. Calculate the overall objective function F; for i=
[,2..... N using Eq. (11) with a suitable value for b.

7. Choose the jth candidate location (monitoring station)
of maximum F.

K. In order to avoid overlaps. the ith location(s) belonging
to the SOI of the station being selected in step 7 are
deleted from all sets SOI; to which they belong.

9. Back to step 3. The loop ends when the number of

stations i1s adequate.

In this heuristic, it is necessary to specily the adequate
number ol stations at the start of the algorithm. This
number usually depends on a budgetary constraint such
that if an organization has $10.000.000 to construct a
monitoring network and each station costs $1.000.000 then
at most 10 monitoring stations can be built.

To extend the above heuristic to multiple pollutants. we
formulate a weighted sum objeclive function as

g

U’.(n) =N g

o=

';Fj-. (l])

Start

Predicted concentration from
Multiple Cell model for SO,
NOx and CO at each specified
grid points

Calculate violations score

Ni, for 8Os, NOx and CO

at each grid points using
cguation 11 & Table 2

Calculate pattern score Vi, for
50;, NOx-and CO at each grid
points using equation 7 & the
concept of SOI;

The utility function

=
Uru)="3"a, '

Caleulatcr:l_ Iwherc,
u = N (N )

v

Place monitoring station in the
location with maximum U

All grids covered

Set to zero U value and
all other station locations
belonging to the SO1

of the station being
selected deleted from

all sets SOI;

Budgetary
constraint
viotated

Fig. 3. Flowchart determination procedure for allocation ol monitoring
stattons,
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Yowi=1, (12)

where w; is the importance associated with pollutant j, £
the objective function for pollutant j at location 7, U'(u) the
additive/overall objective for £ pollutants at location 7.

The solution algorithm for the multi-pollutants network
design becomes a straightforward extension ol the single
pollutant case. The numerous steps of this aleorithm are
similar to those discussed above for the single pollutant,
except that the objective function is calculated as deseribed
by Eq. (11). Fig. 3 shows a flowchart depicting the above
algorithm. This algorithm has been implemented
MATLAB.

4. [Hustrative case study, results, and discussion

The heuristic algorithm discussed above was used 1o
identify the optimal design of a monitoring network
around Tuabriz Refinery. Tabriz Refinery with 2km? area
is located at 15km of Tabriz-Azarshahr road. Azarbyjan
Shargi province, Iran. Fig. 4 shows the location of refinery
stacks. and wind direction (needed in modeling pollutants
dispersion). Fig. 3 shows ground level concentrations ol
NO, and SO; in the study area. Finally. it is noted that
Tabriz Refinery is located at a smooth plate.

For potential sites, the MCA model uses six years (from
1990 to 1995) real meteorological data collected from the
vicinity of the refinery stacks. A matrix of 72 x 868 for SO,
NO.. and CO concentrations that has been generated at
the specified 868 candidate locations was used 48 an input
to the above algorithm. These candidate locations serve as
potential monitoring stations with 72 predicted concentra-
tions (12 months for 1990-1995) ready to be selected by the
algorithm. The wind velocities and temperatures data used
i the modeling ol pollutants dispersion (or the period of
study are given in Tables 3 and 4.

4.1. Single pollutant monitoring nehwork optimization
modeling results

The heuristic algorithm was used to find the optimal
locations and the configuration of the monitoring networks
for sulfur dioxide (SOs). nitrogen oxide (NO,) and earbon
monoxide (CO), separately within the area under study.
The six year (monthly) predicied concentrations of SO,
NO,. and CO by the multiple cell model within Tabriz
Refinery area were [airly low. and the violations of the
EPA ambient air quality standard (AAQS) were never
exceeded. For the purpose of illustration therefore, the
concentrations of SO.. CO and NO, were scaled up by
factors of 10,000, 1000 and 100, respectively. 1t is (o be
noted that a constant multiplier such as 100 or 1000 does
not change the correlation coefficient matrix. so the
analysis is not afTected as far as the patterns arc concerned.
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Fig. 4. Location of Tabriz Relinery Stacks.

Fig. 5. (a) NOg and (b) 80, concentrution distributions at ground level. € is i g/m’, i is number of grids in x-direction and m is number of grids in -

direction.

Table 3
Monthly mean emperature distribution for dilferent years (°C)

Year Jan  Feh Muar Apr May Jun Jul Aug Sep Oct Nov Dec

1995 L2z 28 648 11 177 212 253 27 21 128 68 8.1
1994 08 0.6 6.3 135 164 215 247 232 199 147 7.1 24
1993 —4.6 1,3 3 164 153 21.3 256 248 21.7 136 32 0.3

b

v92 -4 —122 98 131 204 234 229 20 139 63 (.8
1091 —1.8 0.8 5.4 128 13.5 224 26, 26,5 212 13.1 7.3 =03
1990 =20 —0.3 43 10. 169 234 265 248 22.2 14 8.7 .4

Table 4

Manthly mean wind velocity distribution for different vears (m/s)

Year Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec
1808 2.1 2,158 2015 465 395 36 445 4.15 13 3,15 245 2.75
1994 165 305 133 20 363 43 455 475 42 33 2.3 253
1993 2:25 293 225 86541 3735 46 435 43 415 35 23
1962 1.7 23 32 459532 38 3,75 4] 3.7 455 325 315
1991 16 1.9 403 49 4355 485 475 44 375 3.55 295 2.2
1990 2 28 31 44 32 495 49 49 365 2.6 1.6 273

The heuristic algorithm was implemented for different
cutoff Re values in the correlation coelficienl matrix. The
value of R was varied from 0.75 to 0.95 in order to study
the effect of R on the coverage effectiveness of the
monitoring networks. The optimal locations for different
Re values are shown in Table 5. For a stipulated budget. an
air quality monitoring organization can maintain either a
high or a low value Re based network. A high R based
network may not necessarily cover the entire region, but
the covered region will be well represented. A low R based
network on the other hand, would offer more coverage of
the region. but the covered region may not be satisfactorily
represented. The ultimate decision in such a case is of
course left to the air quality monitoring organization.

Tables 6 and 7 show optimal locations of AQMN for
NO, and SO: for a maximum number of five stations. The
number of stations is of course subject to a budgetary
constraint. It should be noted that a network designed for a
higher value of Re is not necessarily a simple extension, in
terms of a mere addition of some more monitors; as
compared to that of a network obtained at a lower Re
value. Rather. the expansion of a network te a higher
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Tible 5
Oplimal locations for AQMN for CO (x and y are in m)

Station R =075 Re =080 Re=085 R-=080 R-=0095
| A =300 S0 800 800 800
¥ =2320 120 320 320 320
2 74440 2450 7760 8240 7280
20 320 320 320 320
1 2740 2320 2800 2800 9920
320 320 160 160 160
4 wa2() 296() 2400 2480 2480
640 L6l 320 320 320
7 3120 5320 85720 9920 2480
160 640 160 160 160
Table 6
Optimal locations for AQMN for NOx (v and y are in m)
Station Re = 080 Re =085 R =090 Re =095
| 400 4240 4400 4320
320 320 320 320
2 G400 4240 3360 6140
480 4810 480 480
3 6320 360 6140 3120
1 G |6l 160 320
4 4240 4400 7680 4160
480 480 450 480
3 RIS 3280 5520 5600
320 320 320 320
Table 7
Optimal locations for AQMN for 805 (x and ¥ arein m)
Station Re =090 Re =095
| 3200 32R0
160 160
p R6d0 7600
320 320
K 2480 9920
320 160
4 4500 2480
160 320
3 4880 4R00
#O0 B00

reliability of representation will require an additional
number of monitors but also the relocation of existing
ones.

Figs. 68 show the coverage cfficiencies of AQMN for
different R values. As shown in the figures. three stations
lor AQM are enough.

4.2, Mudvi-pollutant monitoring network optimization
modeling results

The heuristic algorithm was used to find the “optimal™
locations und the configuration of the monitoring networks
for monitoring simultancously SO,, NO, and CO within
the area under study. For this purpose. the six year
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g 50 4 Lt
E 40 v~ 57 =0 —RC=0.75|——
& 30 / i Rc=0‘80|
m -
E 20— —_— —20?0_33,’_
=] |l'- = =« +RG=09 ll—
ey | RC=U,95|'

0 T T ; : = !

Number of Stations

Fig. 6. Coverage efficiency vs. number of stations for CO as a function of
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Fig. 7. Coverape efficiency vs. number of stations for N(), asa function of

Re.

60
£ 50 /; — e — ——
3 p
S 40+ A/
[}
B /4
£ 30 ¢
&
@ 20 ———— =
2 ——RC=0.90
S 10 A
Q | — — RC=0,95
0 ; ; ; ;
1 2 3 4 5 6 7

Number of Stations

Fig. 8. Coverage efficiency vs. number of stations for 8O, as a function of
Re-

(monthly) predicted concentrations of SO,. NO,. and CO
by the multiple cell model within Tabriz Refinery arca were
used. Table 8 shows the optimal Jocations of the monitors
for a maximum number of five stations. Fig. 9 shows the
coverage efficiency ol the AQMN for different R values.
As shown in the figure. three stations (or AQM are enough;
similar to the single pollutant case.
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Fig. 9. Coverage ctliciency vs, numiher of stations for multi-pollutants as a
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Tahle ¥
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Station Re =175 Roo= 080 Re =095
| 285 3120 3044
160 [ 60) 160)
2 N300 8360 Tau0
320 320 320
3 2720 2640 7020
480 480 L6
4 RS 3920 2480
Gl (A1) 480
g BTAH0 0,000 440
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3. Conclusion

AQMN represents an essential lool to monitor and
control atmospheric pollution, The use of some specific
eriferia in conjunction with mathematical models for the
spatial and temporal dispersion of pollutants within the
atmosplicre provides a general approuach to determine the
optimal number and location of monitoring stations,

[n this study. an improved methodology for the optimizai-
tion of an AQMN with respect Lo multi-pollutants is presented.
For this purpose. the authors proposed model (Fatchifar et al..
2000) was used to generate a monthly database from 1990 1o
1995 around Tabriz refinery. This database was then employed
n an optimization methodology for generating an AQMN.,
Ie gencrated monitoring network  provides  maximum
nlormation about the multi-pollutants (CO, NO, and SO-)
mitled from each stack within the refinery area. The effect of
he correlation coellicient on total coverage and effectiveness of
he network was also studied, The results show that for the
irea under stidy three stations are enough and can give a total
woverage arca ol about 70%,
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Abstract

As opposed to mesophilic, thermophilic anacrobic digestion of food waste can increase the biogas output of reactors. To fucilitate the
transition of anaerobic digesters. this paper investigated the impact of adapting mesophilic studge to thermophilic conditions. A SL
beneh scale reactor was seeded with mesophilic granular sludge obtained from an up-flow anaerobic sludge blanket digester. After 13
days of operation at 35 °C. the reactor temperature was instantuncously increased to 55 °C and operated at this temperature until day 21.
The biomass was then led food waste on days 21. 42 and 63. cach time with an F/M (Food/Microorganism) ratio increasing from 0,12 to
4.43 gVS/eVSS. Sludge samples were collected on days 0, 21, 42 and 63 to conduct substrite activity tests, and reactor biogas production
was monitored during the full experimental period. The sludge collected on day 21 demonstrated that the abrupt temperature change had
no pasteurization effect, but rather lead to a biomass with a fermentative activity of 3.58 g Glucose/gVSS/d and a methanogenic activity
of 0.47 and 0.26 ¢ Substrate/gVSS/d. related respectively. 1o acetoclastic and hydrogenophilic microorganisms. At 35 C, an ultimaie gas
production (Go) and a biodegradation potential (Bo) of 0.2 1.4 Lerp/aVSiy and of 0.1-0.84 Lgrp CHy/gVSey were obtained.
respectively. For the freatment of food waste, a fully adapted inoculum was developed by climinating the initial time-consuming
acclimatization stage from mesophilic to thermophilic conditions. The feeding stage was initiated within 20 days, but to increase the

population of thermophilic methanogenic microorganisms, a substrate supply program must be carefully observed.

W 2007 Published by Elsevier Lid.

Keywords: Anacrobic digestion; Biogas production; Food waste; Mesophilic conditions: Thermophilic adaptation

1. Introduction

In North America and Europe, up to 35% of the total

mass of generated municipal solid waste can be made up of

organic components (Rhynder et al.. 1993). To divert the
organic fraction of municipal solid wastes (OFMSW) from
landfills while beneficially reusing such waste, more energy-
efficient practices are required. For OFMSW, the conven-
tional mesophilic-anaerobic/composting coupled system
offers an energy potential of 130 KWh/tysw which is 21
times higher than that reported for landfill municipal solid
waste of 6.9 kW-h/tysw recovered from collected biogas
(Baldasano and Soriano. 2000). Despite this higher energy
yield, there are only a few conventional anaerobic digesters

L1514 3087776; fax: 15143988387,
L-paail aderessy bartington o macdonald.megill.ca (S, Barrington),

#*Corresponding author. Tel.:

0301-4797/%-see front matter (© 2007 Published by Elsevier Ltd.
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(AD) in North America for the transformation of OFMSW
into green-energy carriers (USEPA. 2003). In comparison,
Europeans have long accepted to treat the OFMSW using
AD, but also know that the choice of technologies depends
on the substrate characteristics.

Thermophilic conditions to operate one or two-stage AD
systems can further improve the energy efficiency of the
technology. According to De Baere (2000) and as opposed
to mesophilic plants, the start-up of the first thermophilic
plant in 1992 has increased the cumulative capacity (t/vear)
of treating OFMSW from 56 000 to 280000 1/vear. and this
from 1997 through 2000. Under thermophilic conditions, a
high level of pathogen kill-oft is obtained and more heat
and electricity are recovered. Nevertheless, the opiimal
transition of AD systems from mesophilic to thermophilic
conditions is not clearly defined. The transition depends on
the microbial adaptation to new operational conditions or
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Nomenclature
Bo ultimate biodegradation (methane) potential
C/IN  carbon to nitrogen ratio

COD  chemical oxygen demand

C0. €1, C2, C3, C4 batch stages

F/M  food to microorganism ratio

Go ultimate gas production potential

Lerp  litre of gas corrected to standard pressure
(103.25kPa) and temperature (273.15K)
MSW'  municipal solid waste

OFMSW the organic {raction of municipal solid waste

OLR  organic loading rate

SA substrate consumption rate

SC-OFMSW sclectively collected organic fraction of
municipal solid waste

TKN  total Kjeldahl nitrogen

TS total solids

VFA  volatile fatty acids

VS volatile solids

VS8 volatile suspended solids

the presence of different groups of microorganisms capable
of performing their biological functions at specific tem-
peratures.

When the groups present are not capable of performing
under mesophilic and thermophilic conditions. a longer
temperature shift period is required. Also, a rapid
temperature change from mesophilic to thermophilic may
bring about a population shift if' the groups are not
compatible (Mata-Alvarez, 2002). Nozhevnikova et al.
(1999) have agsumed that thermophilic and mesophilic
methanogenic communities differ in terms of microbial
species. This assumption may not be completely true as
some mechanisms may permit the microorganisms to
evolve from one specific state to another depending on
the transition conditions. Niclsen and Petersen (2000)
mentioned that the quick and satisfactory start up
of full-scale thermophilic anaerobic digesters in Denmark
has been achieved with and without a transitional
period, The first two days of starting the plant at
thermophilic temperatures were associated with 4 high
content of volatile fatty acids and a high biogas CO-
concentration. requiring the careful monitoring of the
loading rate. This period was avoided when the digester
was immediately started using thermophilic temperatures.
For food waste mechanically sorted from MSW and
treated under either a dry or wet anaerobic process.
Mata-Alvarez (2002) observed a transition from mesophilic
to thermophilic conditions (35-55°C in 10d) requiring
significant variations in organic loading (from 15%
to 40% over 2d) without permanent effect on the process
performance.

The objective of this experiment was therefore to test the
development of a thermophilic anacrobic inoculum for the
lreatment of Tood waste. by subjecting anaerobic meso-
philic sludge 1o a fast temperature change. The adaptation
was conducted using a bench scale reactor seeded with a
mesophilic granular sludge obtained from two Upflow
Anaerobic Sludge Blanket digester (UASB). one treating
apple wastewater while the other Lreating milk wastewater.
Substrate activity tests were conducted to characterize the
changes in biomass, and the new thermophilic inoculum
was fed selectively collected OFMSW (SC-OFMSW) to test
1ts treatment capacity.

2. Methodology
The project consisted in achieving the adaptation of;

(1) A granular UASB biomass from mesophilic to thermo-
philic conditions, and;

(2) The resulting thermophilic biomass to a new type of
substrate (food waste) at different loading rates. under
completely mixed and thermophilically controlled
anaerobic conditions using a bench scale reactor.

2.1. Substrate

The SC-OFMSW used in this study was the food
waste collected from the solid waste produced by a
caleteria. Immediately after collecting the cafeteria solid
waste, the organic fraction was manually sorted and the
plastic, glass, metal and wood portions were removed.
Despite manual sorting, the substrate was mostly made up
of food scraps (meatl, egg, fruit and vegetables. bread.
pastries), but also contained some paper napkins and
packaging, plastic packaging, wood sticks and plastic
table-settings.

The resulting substrate was shredded using a 50 mm
stainless-steel blade and then chopped into a paste nsing an
87/Polytron/PTA 36/2 blade conneccted o a CH-6010
Kiennz-Lu electric rotor (Kinematica, Switzerland). All
particles larger than 4.75 mm were separated with a No. 4
USA standard testing sicve (W.S. Tyler, USA). During the
first shredding operation. tap water was added to drop the
solid content to 21.8%. The meat and egg fractions were
visibly high explaining the high Total Kjeldah! Nitrogen
(TKN) of 17% and carbon/nitrogen (C/N) ratio of 3:
associated with the substrate (Table 1).

2.2. Seed

A large number of sludge types were possible for this
study, but two types ol anacrobic granulur sludge were
readily available and were therefore selected. The seed
selected consisted of a 50/50% mixture of granular and
non-granular sludge taken from two separate-UASB
reactors treating dairy process wastewater and apple-juice
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process wastewater, respectively. The total and volatile
solids are typical for anaerobic granular sludge (Table 1).

2.3, Reuctor set-up

The experimental S L glass reactor 1s illustrated in Fig. 1.
The reactor’'s working volume was 4L, The system
included a 6-600 peristaltic pump (Cole-Parmer. Chicago,
IL) and a Type-RZRA0 stirrer (Caframo. Wiarton. ON),
The temperature was automatically controlled using a
heating system surrounding the digester and encompassing
a 303 mm-LT-type probe (Cofle-Parmer. Vernon Hill, IL).
a  Digi-Sense standard model temperature controller
(Cole-Parmer. Vernon Hill. IL) and a Brisk Heat silicone
gxtruded, flexible e¢lectric  heating tape (Thernolvne,
Dubuque, 10). The pH monitoring system consisted of

Table |

Experimental substrale (SC-OFMSW) and seed characteristics

Parameter SC-OFMSW Seed mixture
Density (kg'l.) 1:22 1.042
Solid (%) 218 4.2
TS (/L) 2182 42,1
V8 (% TS) 5.1 67.0
55 (g/L) 1618 38.1
VS (% S8S) 96.5 70.0
Tatal COD {g/2VSS) 116 0.97
Soluble COD (% TCOD) 1.8, 1212
TEN (% TS) 17 n.e.
/N ER | n.e.

Notes! ng. not evaluated,
The seed mixture consisted of 50% UASB slodge wreating apple
wastewater and 30% UASD sludge treating milk wastewater.

H
FEED ¥

an epoxv-pH probe (Cole-Parmer, Niles, 1L) and an
Accumet pH-meter model 825 MP (Fisher. USA). After
recovering the condensate. the biogas generated was
sampled through the biogas sampling port and measured
by means of a Wet Tip-like water displacement system.

2.4. Experimental stages

The first stage of the experiment took 20 days (stage Cl)
and consisted in adapting the seed to thermophilic
conditions. At the beginning of stage CO, the reactor was
seeded with 4 L of the seed mixture (Table 1) and operated
at 35 °C to generate inoculum, withoul exogenous substrale
supply. On day 13. the process temperature was instanta-
neously increased [rom 35 to 35°C. and maintained at
55°C until day 20.

This CO stage was followed from day 21 to 84, by the
thermophilic batch stages C1, C2, and C3 each lasting 21 d,
to assess the treatment capability of the new biomass at
35°C and at various SC-OFMSW loading rates. At the
start of each stage Cl. C2 and C3. the SC-OFMSW
was fed with a food to microorganism ratio (F/M)
increasing sequentially along with the stages. from 0.12 to
4.43gVS/gVSS, Because of medium acidification at the
beginning of C3, a [ourth 21-days stage (C4) was carried
oul to restore methanogenic conditions, At the beginning
of stage C4 (day 84). the reactor biomass received a
mixture ol 1.6 L of sludge produced at the end of stage C2,
0.3L of the original seed blend and 0251 of a 0.2M
NaHCO; solution at pH ol & to restore the reactor’s pH to
7.0. Biomass activity was monitored during stage C4 by
measuring gas production and subjecting the final (21d)
sludge to substrate activity (SA) tests.

WET TIP
GAS METER

BIOGAS SAMPLING

A

BIOGAS

CONDENSER

OR
I'URGE @ E

PERISTALTIC PUMP
(feeding, sampling, and purge)

DIGESTER /

) ) i o
| { HEATING SYSTEM
| i controller

and heating bands

TEMPERATURE PRORE

Sy
]

MIXING SYSTEM

Fig. 1. Schematic diagram of the batch reactor system.
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During the complete 104d experimental period. gas
production was continnously measured and samples were
taken al regular 24h intervals. A sludge sample was
obtained from the reactor on days 0 and 20 of stage CO.
and used for substrate activity tests (SA). Both samples
were incubated at 35 and 55°C during such SA tests to
check for the presence and character of the remaining
mesophilic and thermophilic microorganisms. Sludge
sumples were also cellected Irom the reactor at the end of
stages Cl, C2, C3 and C4, for additional SA conducted
under an incubation temperature of 55 °C.

2.5, Analytical methods

To calculate the F/M ratio supplied during stages
Cl-C3. the substrate. the seed sludge and the reactor’s
biomass were analyzed for chemical oxygen demand
(COD), total and suspended solids (TS and SS). and total
and suspended volatile solids (VS and VSS). according to
standard methods (APHA et al.. 1995).

Acetic. propionic and butyric acids were measured using
an Agilent 6890 gas chromatograph (Wilmington, DE)
cquipped with a flame ionization detector of 0.2ul. The
samples were fortified at a ratio of 1:1 (V/V) using an
internal standard of iso-butyric acid dissolved in 6% formic
acid and directly injected mlo a glass
I mx2mm Carbopack C (60-80 mesh) coated with 0.3%
Carbowax 20 M and 0.1% H;POy. The column was held at
1307°C for 4 min and helium as carrier gas was injected at o
rate of 200mL/min. The injector and the detector were both
maintained at 200 °C.

For the SA tests. glucose was measured using an HPLC
(Warers Chromatography Division. Millord, MA. USA)
equipped with an injector (model 717+). a photodiode
array (PDA) detector (model 2996). a pump (model 600)
and a 2414 refractive index detector. The separation unit
consisted ol an ICsep ICE-TON-300 column (Transge-
nogiie. San Jose. CA) of 300mm x 7.8 mm id and an ion
guard GC-801 column (Transgenomics). The mobile phase
consisted of 0.035 N of sulfuric acid at a pH of 4, lowing at
a rate of 0.4 mL/min. The measurements were conducted
using a wavelength of 210 nm.

The biogas composition (hydrogen. nitrogen, oxygen.
methane. and carbon dioxide) was measured by means of an
HP gas chromatograph (68900 Series. Hewlett-Packard.
Wilmington. DE) equipped with a thermal conductivity detec-
tor (TCD) and o 900mm x 3mm (36 x 1/%in) 60/80 mesh
Chromosorb 102 column (Supefco. Bellefonte. PA). Daily
determinations of gas production rate (GPR; Lerp/L/d).
ultimate gas production potential (Go in Lerp/gVSia). and
ultimale biodegradation potential (Bo in Lerp—CHa/gVSey)
were caleulated as specified by Mata-Alvarez (2002).

The mesophilic and/or thermophilic microbial diversity
of the biomass produced during stages C0O-C4 was
evaluated through substrate activity tests (SA) carried out
in 60mL serum bottles according to Guiot et al. (1993).
Triplicate bottles were inoculated with biomass diluted

column of

with a phosphate buffer to obtain 2000 mg VSS/L for
hydrogenophilic activity and 5000 mg VSS/L for the hottleg
used for measuring activity of glucose. acetic and propionic
acid. The bottles were flushed with N5/CO. (80%/20%,)
to remove all oxygen and incubated in a rotary shaker
(New Brunswick Scientific Co.. Edison, NJ). While being
incubated at either 35 or 55 °C, the serum bottles and their
content were shaken at 100 rpm for the soluble substrate
tests and at 400 rpm for the hydrogen substrate test.

2.0. Statistical anclysis-

For the CO stage. the statistical significance for the
biomass activity (SA) before und after the temperature shift
and mcubated at temperatures of 35 and 55°C., was
determined using a r-fesr with paired data (Wardlaw,
1985). The SA results obtained were tested for significant
differences using:

B H(N)'/2
=S
where 1 is the value of student /-found, N the test number

of pairs, /i the mean of differences of SA-values of cach
bottle-pair (mesophilic and thermophilic) and Sk the

; (1

standard deviation of /1.

The t-found value was compared to that of a Student
t-Statistic table for a degree of freedom of 2 (2 d.f.).

Likewise, the statistical significance of the SA measured
under incubation at 55°C for samples of biomass faken at
the end of Cl1. C2 and C3 was determined by a one-way
analysis of variance or F-fest (Wardlaw, 1985). The values
obtained from the SA ol these sludge samples were tested
for significant difference using the following equation:

Vb

L Fw’
where F is the variance ratio, Vb the between groups
variance (stages C1, C2 and C3) and Vi the witlhmm groups
variance (between triplicales).

The F-value was compared at a critical Foalue table for
2 d.I. between groups and 6 d.f. within groups. A multiple
range test (or comparing means in an analysis of variance
was evaluated for significance within groups. The multiple
range test was used to identify the treatment(s) demon-
strating a significant difference,

(2)

3. Results and discussion
3L Mesophilic to thermaphilic transition (stuge €0)

The biogas production rate for the first stage, CO. is
iustrated in Fig. 2. The biogas production peaked at
1.9 Lgyp/day after 24 h, but dropped thereafter to reach a
low of 0.32 Lgyp/day on day 13, indicating that all available
substrate had been consumed by the mesophilic micro-
organisms and that the sludge was stabilized. On day 13.
the system’s temperature was instantaneously increased
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Fig. 2. Gas production profile during the Cf) stage,

from 35 to 55°C and the reactor’s content reached 55 C
within 10 minutes. Thermophilic conditions were main-
tained thereafter,

After 22h ol thermophilic operation at 55 °C. 1.4 Lgrp
of gas was produced. only 30% of which was produced
by the microbial aetivity. The other 50% biogas volume
resulted from the increase i temperature of the reactor
and the lower CO: water solubility. Accordingly. this

temperature change also affected the water solubility of

carbon dioxide and the methane fraction of the biogas
composition which dropped after day 1 from 65% to
38% and came up slightly to reach 41% on day 20.
Because methane was still being produced. the methano-
genic microorganisms had survived the temperature
Lransition,

During the mesophilic phase (from day 0 to 12), the
volumetric production of methane varied between 0.27 and
0.05 Layp/L/d, while during the thermophilic phase (day
13-20). the volumetric production of methane varied
between 0,14 and 0.02 Lgyp/l./d. Therefore, the tempera-
ture transition was successful in extracting a slight but
additional volume of gas from the food waste.

The shift of microbial population within the sludge
collected at the beginning and at the end of the seeding
stage (C0) was evaluated by means of SA tests. The SA
values obtained at both 35 and 35 °C demonstrated that
increasing the temperature did not produce a pasteuriza-
tion effect on either bacterial or methanogenic populations.
Except for hydrogenophilic methanogens, the thermophilic
population of the 0 and 20d sludge showed no significant
difference (£>0.10) when comparing the SA values, but
the abrupt change in reactor temperature, from 35 to

A8°C on day 13, resulted in a positive selection of

thermophilic fermentative bacteria (Table 2). Thermophilic
glucose consuming bacteria were observed to almost
double their activity from 1.85 to 3.38 ¢ Glucose/gVSS/d.
from day 0 to 20,

For the mesophilic glucose consuming bacteria, their
activity was significantly reduced (0.05> P=0.02) hy 58%
on day 20 after being exposed 1o 35 "C. and as compared Lo
day 0. Although not significantly different (P=0.10),
mesophilic or thermophilic propionie acid consuming
bacteria reduced their activity from 0.09 to 0.06 and from
0.03 to 0.02gpropionate/gVSS/d. respectively. after in-
creasing the reactor lemperature 1o 55 °C.

Similarly. the activity of the hydrogen consuming
mesophilic  methanogens was significantly  reduced
(0.05>P=0.02) during stage C0, because by the end of
day 20, their SA dropped 100 fold to a final value of
(.01 g Hydrogen/gVSS/d. Although not statistically diller-
ent (0.10>P=0.05). thermephilic hydrogen-consuming
methanogens also reduced their SA from 2.52 to .26 g Hy-
drogen/gVSS/d. Interestingly. mesophilic acetoclastic
methanogens were not aflected by the abrupt change of
temperature, because they doubled their SA from 0.62 to
1.18 g Acetate/gVSS/d. likely as a result ol starvation.
Without being significantly different. thermophilic acet-
oclastic methanogens slightly reduced their activity from
0.6 to 0.47 g Acetate/gVSS/d.

[n summary. the mesophilic seed used for this experi-
ment already had a thermophilic potential which was
expressed by the sudden change of temperature carried out
on day 13. Nevertheless, the trophic groups which were
significantly affected by the temperature change were the
mesophilic fermentative bacteria and mesophilic hydrogen-
consuming methanogens.

3.2. Effect of F/M on thermophilic fermentation (stages
C1-C3)

Following the C0 stage, the SC-OFMSW-feeding stage
was initiated through three batch cyeles (C1-C3) during
which the substrate was supplied every 21 days using
a F/M ratios of 0.12, 1.15 and 4.43 gVS/gVSS (Table 3a).
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Tahle 2

Substrate activity for the CO initial and adapted sludge measured at 33 and 55 °C

Substrule Incubation T ('C) Activily (g substrate/eVSS /d) Probubility
Initial sludge (day () Adapled sludge (dav 20)

Glucose 35 5.0941.82 2124+ 1.09 ={.02

35 I.B5+0.49 358+2.06 =010
Propionate 35 0.09-+0.02 0.064+0.006 =>0.110)

55 003 40.02 00240010 =010
Acetale 35 0.62+0.4 L8 +0.39 =0,10

55 0.60+0.11 047051 =101
Hydrogen 3s 1.04+0.39 (0140001 =002

55 2.52+1.12 02640020 ={.05

Nates: Initial sludge = mesophilic sludge: adapted sludge = sludge adapted after 7 days of operation al 55°C.

Table 3
Operation conditions and reactor performance from C1. C2 and C3

Stage E/M {gVS/gVSS) Average pH Go (Lerp/ieVSia) Bo (LernCH, 2VS,0)
Cl 012 1.40 0.84

2 (M) 7.30 0.89 .61

3 4.43 5.17 0.20 0.01

Noges: Go: Ultimate gas production.

Bo: Ultimate methane production.

Liable 3b

Caleulation of FM and equivalent OLR during C1, C2 and C3

Stage Vaol. fed™ (L} Vol, sludge” (L) Vol. *71 L VS8 sludge (2VSS/L) FiM (gV5/gVSS) OLR (gVS/L"duy)
(& (.03 3.95 4.0 21.88 0.12 0.12

c2 0.4 360 4.0 20,03 115 109

C3 14 2.60 4.0 25.22 443 j32

The concentration of VS in the SC:OFMSW wus constant (207308 eVS/L).

For the OLR calculation. the amount of SC-MSW* [ed was considered equivalent to that applied continuously over the 21 d evele.

The average process temperatures were controlled at
§5240.1. 55.34+0.1 and 56.542.5°C. respectively.

The reactor biomass accommodated the low and
intermediate F/M ratios (Cl and C2), which were
calculated as equivalent to a constant loading rate for
basis of comparison with other research projects (Table
3b). Although applied at the start of the stage using a F/M
0r 0.12 gVS/gVSS. the equivalent constant VS loading rate
(OLR) applied uniformly over the 21d period, was
0.12gVS/L/d for Cl. This OLR is low compared to the
lypical organic load of 3.6gVS/L/d suggested by ten
Brummeler (2000) for continuous systems. The intermedi-
ate (C2) F/M ratio was increased ten fold to 1.15gVS/gVSS
(OLR of 1.09gVS/L/d) and still did not negatively affect
the reactor biomass. since the gas production increased
substantially from 11 Lgyp (C1) to 56 Lgyp during stage C2.
The F/M ratio of 4.43 gVS§/gVSS applied during stage C3

produced two short burst of gas production: the first of
106.3 Lsyp/d oceurred 6h after feeding, and: the second of
15.95 Lgyp/d occurred two days after feeding (Fig. 3).

Within two days. the F/M ratio of stage C3 acidified the
reactor medium and its pH fell from 7.75 to 5.45 (Fig. 4). as
a result of accumulating volatile fatty acids (YFA)., Within
the first day of C3. the concentrations of acetate,
propionate and bulyrate reached levels of 4380, 63 and
7000 mg/L, respectively. By the end of C3, only 45 and
40% of the acetate and butyrate. respectively. were
consumed, while the propionate concentration remained
unchanged.

Stages Cl and C2 resulted in ultimate gas (Go)
and methane production (Bo) values exceeding those of
085L/gVSpy and 0.46 L-CH4/gVSi.y, tespectively. for
SC-OFMSW degradation, presented by Mata-Alvarez
(2002). Nevertheless. the acidification of the reactor during
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stage C3. following a high F/M application. reduced the
biogas-production capacity and both values for Go and Bo
dropped from .89 10 0.2 LgpprgVSiy and rom 0.61 (o
0.01 LgpCHy/2VSipg. respectively.

Fig. 5 shows the profile of the gas composition
throughout CIl=C4. The concentration of methane in-
creased from 60% during stage C1 to 64% during stage C2.
During stage C3. methanogenesis was displaced towards
hydrogen production because on day 04, the biogas
contained 30% hydrogen suggesting strong fermentative
activity. Notably. a decrease m total gas production rate
from 106.3 to 15.95Lg;p/d was observed during this
period (Fig. 3). To check Tor hydrogen production on
day 63, the reactor’s headspace was replaced with a
mixture ol nert gas (X0% N5/20%, CO-) and biogas H-

content was once more monitored. Hydrogen was im-
mediately observed again reaching 33% by the end of
day 69. In general. methanogenic activity and anaerobic
digestion are tightly regulated by the production of Hs.
For all organisms involved and 1o conserve cnergy, he
unacrobic media must sustain a H. partial pressure
within the window of 6 x 10 =10 “atm (Ferry. 1993),
Accordingly, the Hs produced during C3 resulted either
from the consumption of rapidly available carbohy-
drates by fermentative bacleria or the degradation ol
butvric acid by syntrophic bacteria: more likely the hrst
burst of Hs. accompanied by a small volume of methane,
was related to the action of hydrogen-producing, carbohy-
drate-fermenting buacteria. Alter stripping H. from the
media and the reactor headspace on day 635. the second
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Table 4
Substrate activity evolution of thermophilic sludge during the adaplation
stige

Sludge  Substrite activity (x/eVSS/d)

Gilucose Propionate Acttate Hydrogen
Cl 02014027%  0.011=0.006" 0.08-+0.01¢ 0,23 +0.06'
2 2.27 098" 0.005--0.017° I).Eﬁili.lj" 0360045
3 L93L0.86"  0.007=0.019° —0003 40,095 —017+007"

Notes: Values with the same letler are not significantly different within
groups al the level of P=0.05.

stage of H; production was largely related to syntrophic
activity. since fermentative bacteria could not be inhibited,
While degrading butyric acid, Syntrophomenas wolfei
produces propionate. Hs and CO, (McCarty and Mosey,
1991). Since during the second burst of H, after day 65,
there was no uptake of Hs and COs lor the production of
methane. the build up of H; and its media partial pressure
thus inhibited synthrophic activity. Notably. after day 71
and until day 84, gas production ceased completely (Fig. 3)
and ne more Hi was observed in the headspace of the
reactor (Fig. 5).

3.3 Substrare activity test for thermophilic fermentation
(stages C1-C3)

The 5A tests conducted on the biomass collected at the
end of stages Cl. C2 and C3 indicated that the F/M ratio
affected the capability of the biomass to adapt to different
substrates (Table 4). Among all three stages. C2 improved
the fermentative biomass activity while C3 reduced it by
more than 50%. Hydrogen production rather than uptake
was observed with the C3 biomass indicating that Hs

producing fermentative bacteria outpaced the hydrogeno-
philic capacity of the biomass to convert Hs into methane.
Similarly, the uptake ol acetate (or the production of
methane was affected by the C3 biomass because the
activity ol aceloclastic methanogens dropped from 0.88
during C2 10 —0.003 g Acetate/gVSS/d.,

The analysis of variance conducted on the SA values lor
stages Cl. C2. and C3 suggested that the selected F/M
program significantly affected the fermentative (glucose
degrading) bacteria (Table 4). where stage C1 produced
significantly lower values than stages C2 and C3 (£<0.03).
As well. both aceloclastic and hydrogenophilic methano-
genesis were specially alfected by the F/M  supplied
(P<0.01), where stage C2 produced significantly higher
values than stages C| and C3. Finally. there wis no
significant difference in syntrophic-propionic degrading
activity (P>0.05). as all stages had activity results under
0.015 g of propionic acid/g VSS/d.

3.4. Restoration of thermophilic shidge (stage C4)

After stage C3 and on day 84. a new non-substrate cycle
(C4) was started to restore the pH of the medium and the
methanogenic activity, For this purpose, 2.05L of the
reactor’s acidified medium were replaced with a mixture of
1.6 L of sludge produced at the end of stage C2. 0.3 L of the
original seed blend. and 0.25L of a 0.2M NaHCOj;
solution at pH 8. At the end of thig 2}-dav stage (C4),
the biomass was producing gas (Fig. 3) and the pH was
restored to 7.0 (Fig. 5).

With C4. both fermentative (glucose consumption) and
acetoclastic methanogenesis activities were recovered,
giving SA values of 0.6 and 0.26.¢ substrate/eVSS/d. The
propionate activity was recovered and measured 0.09g
Propionic/gVSS/d while the hydrogenophilic methanogen-
esis activity was al @ low value of 0.02¢g Ha/gVSS/d.
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4. Conclusions

The present experiment demonsirated that a mesophilic
wastewaler-tredting anacrobic sludge cuan be easily and
quickly adapted for the treatment of the organic fraction of
municipal solid waste (OFMSW) under thermophilic
conditions. Nevertheless, the organic load program must
be carefully sefected and monitored. since the methano-
genic activity can cusily be displaced towards a fermenta-
tive aectivity. The ugual, time-consuming acclimatization
stage can be avoided when starting-up the thermophilic
anaerobic treatment of OFMSW. Favorable conditions
were quickly achieved (20 d) and the substrate feeding stage
could be initiated immediately alterwards,

The imstantaneous upgrading procedure (rom mesophilic
1o thermophilic conditions did not have a pasteurization
effect on anacrobic microorganisms. but positively selected
the mesophilic acetoclastic methanogens and mesophilic
fermentulive bacteria. However, the specific activity of
both mesophilic and thermophilic propionate-oxidizing
synirophs and hydrogenophilic methanogens was reduced.

Under batch conditions. the reactor could sustain
moderate F/M ratio of 1.5gVS/gVSS while a high F/M
ratio of 4.43gVS/gVSS displaced methanogenesis towards
H- production. Although H. production was not the goal
of this process development. its presence is ol interest as an
alternative energy source. More research is needed with
that respect. as well as repeating the test under continuous
conditions.
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Abstract

Industrial and agricultural activitics often impose significant pressures to the groundwater quality and consequently degrade wetland
ecosystems that depend mostly on subsurface water flow. Groundwater vulnerability and risk mapping is a widely used approach to
assess the natural protection of aquifers and the associated pollution potential from human activities, In the particular study. the
relatively new Pan-European methodology (COP method) has been applied in a highly industrialized peri-urban wetland eatchment.
located close to Athens city. to map the intrinsic vulnerability of the aquifer and evaluate the risk potentiul originating from local land
uses. Groundwater analysis results for various parameters, including Phenols, PCBs and nutrients. have been used to validate the
vulnerability and risk estimations while a biological assessment oceurred Lo associate the mapping results with the wetland's ceological
status. The results indicated that even though the natural protection of the aquifer is relatively high due to the dominant hydrogeologic
and geomorphologic conditions, the groundwater pollution risk is considerable, mainly because of the existing hazardous lund uses, The
water quality of the groundwater aceredited these findings and the ecological status of this peri-urban wetland also indicated sigmificant
impacts from industrial effluents.

1 2007 Elsevier Ltd. All rights reserved.

Keywordy: Risk assessment: Groundwater vulnerability: Wetland: Pollution: Hydrogeology

1. Introduction

Groundwater pollution is one of the most common
environmental problems nowadays (Fatta et al.. 2002).
Leachates from landfills and uncontrolled industrial
effluents disposal cause significant deterioration in the
water quality of many aquifers throughout the world
(Gailey and Gorelick, 1993: Kjeldsen et al. 1993).
Yulnerability and risk mapping for groundwater resources
15 a widely used approuach for determining areas with high
pollution potential and delineating aquifer protection
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L=matl addresses: eliasiwath hemr.gr (E. Dimitrion).
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zones (Babiker et al.. 2005). Several methodelogies have
been developed aiming to estimate groundwater vulner-
ability and pollution risk under different hydrogeological
and socioeconomic ¢conditions (Tesoriero et al,, 1998; Lake
et al., 2003: Al-Adamat et al.. 2003). However. a universal
approach has not been developed vel. [ntrinsic vulner-
ability is a term first used in the early 1960s to describe the
protective function provided by the overlying lavers. the
geomorphology and the hydrological regime o the main
aquifer of an area (Vrba and Zaporozee, 1994), Hydro-
geologic models. statistical methods and tracer surveys are
often implemented to evaluate vulnerability assessment
results while the development of state-of-the-art carto-
graphic tools, such as GIS lacilitate and accelerate the
entire process (Babiker et al.. 2005: Dixon, 2005). Ground-
water risk mapping combines hazard originating from land
uses and vulnerability as a physical property to assess the
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aquifer’s pollution potential. COP methodology is a
relatively new approach for vulnerability and risk mapping
developed under the COST Action 620 EU project (COST
620, 1998 Goldscheider et al.. 2003) targeting in the
protection of carbonate aquifers (Andreo et al.. 2006). In
this study, the particular methodology has been applied to
assesg the pollution risk for surface and underground water
bodics in a peri-urban wetland arca that receives pressurcs
from industrial and agricultural activities as well as from
urban waste disposal. Recent water quality and ecological
assessment results have been used to validate the risk
mapping outcome and evaluate its applicability on the
local conditions while the impacts imposed on this peri-
urban wetland have been illustrated.

2. Material and methods
2.1. Description of the study area

Koumoundourou Lake catchment is a suburban area
located in the western part of Attica region. It has an extent
of 39.8 km®. the elevation ranges from 0 to 540m and the
mean slope of the catchment is 8%. The study catchment is
an industrial area that hosts oil refinery companies,
asbestos factories and the main landfill site ol Attica
region (population served: approx. 3 million people) at
about 12 km distance from Athens city centre.

Koumoundourou Lake is located inshore of Elefsis Bay
(Fig. 1), has a surface elevation ol 1.41 m above sea level.
covers an area ol 147000 m* (Zacharias et al.. 2003) and its
shoreline perimeter is approximately 1700 m. The mean
depthh of the lake s [.5m and the main water recharge
occurs through immportant submerged springs on the
northwest part ol the lakeshore. Seawater intrusion,
freshwater from the springs and rainfall are mixed,
producing a meromictic brackish environment (10.50%
average salinity levels during December 2002) (Zacharias
¢t al., 2003). The geological formations of the lake’s
catchment comprise Quaternary deposits covering a sur-
face extend of 20km”. which overly moderately karstified

limestone and dolomite formations that have a coverage of

19.5km* (Zacharias et al., 2003). Below the calcareous
formations Neopalaiozoic impermeable schists and gray-
wackes exist that appear only in limited surface outerops
of 0.3 km".

[n the southern side ol the lake a controlled low werr 1s
installed that outllows excess water towards the sea to
avoid flooding events in the adjacent highway (Athens-
Corinth) that separates the sea from the lake shoreline. The
annual rainfall height 1s approximately 360 mm while 70%
of this value iy recorded during the period November to
February, The mean annual evaporation is approximately
1630 mm (Conides and Parpoura. 1997). The climate of the
study region is characterised as Mediterranean subtropical
due to its short annual temperature range. The combina-
tion ol increased air temperatures due to the intensified

L
b
~J

industrialization of the area and the location ol the lake
(being close the sea). create an even milder microclimate.

The lake is located in a highly industrialized area
surrounded by many significant pollution sources. On
the north side of the lake an army camp is located,
which serves as an oil supply depot station. On the north-
west side the national oil refinery plant is based while
on the south-west side a marble-cutting small industry s
found. Oil spills and leaks [rom both the refinery and
the military depot form thin layers on the water surface
and contaminate underground water and aquifers. Led-
chates derived from the major landfill site of Athens,
situated at the north side of the lake around 7km
away, contribute further to the degradation of the lake
and groundwater quality of its catchment (Fatta et al.,
1999) (Fig. 1).

2.2, Groundwater vulnerability and risk assessment at a
catchment level

For the groundwater intrinsic vulnerability and risk
assessment. the COP method was used (Andreo et al.,
2006). which has been developed under the European
COST Action 620 project aiming to the protection of
karstic aquifers. The specific methodology can also be
implemented in other types ol aquilers apart from karstic
and is based on the concept of classifying the study area in
5 vulnerability zones (very low to very high) according to
the local geomorphology. the properties ol the overlying
soils and lithological formations as well as the existence or
absence ol vegetation (Andreo et al.. 20060). Koumoun-
dourou lake catchment has been digitized with the
contribution of ArcView program (GIS package) and
topographic maps ol scale 1:25000 acquired from the
Hellenic Military Service. The grid size used for map
calculations was 25m. At the first stage of this study the
concentration of flow map (C map) has been developed by
assigning weighting values in the grids of the buse map
describing the slope, vegetation cover and the karstic
features ol the area as suggested in the aforementioncd
method (Andreo et al., 2006). This map expresses how fast
the surfuace water and thus the potential pollutants as well,
reach the aquifer. In this index the karstic features of the
aquifer are deseribed as developed/scarcely developed
karst, fissured carbonate and non karstic terrain while the
existence of permeable/impermeable surface layers plays
also a role in the weighting assignment. Then. the
protective function provided by the overlying layers of
the aquifer has been depicted in the relevant map (O map)
by examining the soil type and thickness as well as the
lithological composition and depth of the unsaturated
zone. The precipitation component ol the vulnerability
map which may reduce natural protection is expressed by
the P map incorporating both the quantity and intensity of
precipitation and their spatial distribution in the study
area. Four meteorological stations have been used,
homogenously distributed around and inside the study
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Fig, 1. Geologieal mup of Keumoundourou Lake catchment.

calchment and average annual rainfall values of the
period 1990-2000 have been interpolated by applying the
krigging method (Kitanidis. 1997). The vulnerability
map (COP map) has been developed by multiplying the

above maps through the Spatial Analyst component of

ArcView program.

For the hazard map. aerial photos of the year 2000 have
been acquired. digitized and imported in Image Analysis
GIS module. Supervised interpretation of the aerial photos
was performed by using past land use maps of the area and
ground truth visits. A detailed inventory of the industrial
installations of the study catchment has been developed
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and the land use map of the area has been transformed to
hazard map by assigning hazard weighting values in each
land category polygon according to the Pan-European
methodology (Andreo et al.. 2006). In this method, a
hazard inveniory list has been proposed by the COST
Action project team with weighting factors for each
potential hazard depending on the toxicity. solubility and
mobility of the associated pollutants (De Ketelaere et al.,
EUI'M). The final hazard index is acquired alter multiplving
the weighting factor of each land use polygon with a
ranking and a reduction factor that express the relative
quantity of pollutants that can be released from each
activity and the possibility {or contamination to occur
based on the mlrastructure condition, respectively.

The risk map of the area huas been developed by
estimating the risk intensity index for each grid cell of the
study map as stated by the formula:

R = l/HIV,

where R, is the risk intensity index, H; is the hazard index
from the respective land use map and F is the intrinsic
vulnerability index from the COP map.

2.3. Physicochemical, heavy metal and biological analyses

Physical and chemical variables (pH. conductivity.
nutrients. trace elements, ete.), heavy metals (Zn. Ph, Cd,
Ni, Cr, ele,) and toxic compounds (PCBs, phenols) were
compiled rom various publications, including technical
reports, (o provide an overview of the environmental status
of the lake and its catchment.

Regarding biological data, benthic invertebrate samples
were collected from six sampling sites at depths ranging
between 0,5 and 2 m. Benthic samples were collected with a
bottom sampler (surface covered 0.045m°), preserved
with ethanol and transferred (o the laboratory, Benthic
species were removed [rom the samples with soft tweezers
and identified at the lowest taxonomie level where possible.

The results fram the physicochemical analyses in the lake
and aquifer water as well as from the biological survey
have been compared Lo the alorementioned risk zones to
validate the mapping outcome and to depict the linkage
between the potential impacts on the local environment
and specific human activities or land uses.

3. Results and discussion

3.1, Groundwater vulnerability and risk assessment at d
catchment level

In the particularly study arca no obvious shallow holes
and ginks are observed while the degree of karstification is
moderate according to recent hydrogeologic investigations
in the area (Zacharias et al., 2003). Therefore the second
scenario of the COP method is used (Andreo et al.. 2006)
which is applicd to arcas outside shallow hole recharge
zones and the karstic features of the study catchment have

been classified as scarcely developed karst with permeable
and in some cases absent surface layers. This process led in
assigning the value of 0.5 to the calcareous formations of
the catchment (min: 0.25—developed karst with abgent
surface layers, max:|l—non karstic terrains). The rest of the
study area covered by other than calcareous formations has
been classified as non Karstic terrains regarding the C
index, according to the relevant methodology.

The hydrographical network of the area can be
characterized as sparse and not well developed partly due
to the human interventions in the catchment's geomor-
phology., as well as due to the low rainfall values.
Particularly., there are few episodic streams in  the
surrounding mountains that discharge, after rainfall events
only, limited amount of water in the sedimentary plain and
some of them directly to the sea. There is no indication of
influent streams and thus no significant connection
between the limestone outcrops and surface water bodies
exist. The only seasonal stream that discharges water in the
sea for few winter months is located close to the western
part of the catchment, flows over the relatively low
permeability formations and in its downstream section 1s
canalised. Therefore, the hydrographical network in this
particular case does not seem Lo interact significantly with
the main aquifer and cannot create fast flow components Lo
the groundwater.

The vulnerability map of the study area indicales Lhree
different classes (high. low and very low vulnerability,
Fig. 2). The high vulnerability zone coincides to the
limestone outcrops in the central and northern part of
the catchment while the low vulnerability areas represent
the thick and medium to low permeability sediment
formations in the lowland that offer significant pollution
protection due to high natural attenuation potential
Further, very low vulnerability values have been assigned
to the spatially limited Oysch outcrops and te the clayey
alluvial sediments of the south-western part of the
catchment. Approximately 49% of the total extent of the
study area is of high vulnerability while the remaining 51%
illustrates relatively high natural protection as far as the
groundwater is concerned (Table 1).

In the hazard map of the area, 85% of the catchment is
classified as very low and low hazard. which coincides to
the abandoned, forested and some limited urban zones (site
no. 3 in Fig. 3, Table 1b). [t should be stated that the urban
areas in the particular catchment cover only a small
proportion of the study area since this is officially
characterised as an industrial zone and therefore no
significant pressure can be assigned to this land category.
Moreover, the agricultural scetor even though used to bea
substantial activity during the previous decades, nowadays
cannot be considered developed in he specific catchment
due to the limited extent available for commercial farming
and because of the economic pressure from industry for its
spatial expansion. Approximately 12% of the study arca is
of moderate huazard mainly due to the existing official
landfill of Athens city (site no. 4 in Fig, 3). aclive mining
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installations in the western part of the catchment and large
scale industries (site no. 2 in Fig. 3, plastic equipment
manufacturers and asbestos factories). [t should be
mentioned that about 60% of the particular landlill, which
receives urban solid waste from approximately 3 million
people has been constructed on the high vulnerability zone
the upstream part of the

(hmestone formations) at

catchment. Only 3% of the study area i1s of high hazard
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: 4EEO00 4 .?[\IL'u e} q 107

Vulnerability map of Koumoundourou Lake catchment.

[H)[L"Jl[i;Lf and this is due to the existence of I11u_|"\_'r oil
refineries in the southwestern part of the catchment (site
no. | in Fig. 3).

The combmation of vulnerability and hazard map
provided the groundwater pollution risk map of Kou-
moundourou lake catchment (Fig. 4, Table 2). The low and
very low risk zones cover 83% ol the entire area which
comprise urban zones on medium to low permeability
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Tahie 1
Vulnerahility (a) and hazard (b} classes and extent in Koumoundourou
Lake catcliment

[4)

Vulnerability classes Area (km”) Percent of tolal

High 19449 45.96

Low 17.78 4468

Very low 2.54 6.37

sl

Huzard elasses Area fkm?) Percent of total
Yery low 28.54 7245

Low 3.20 13.06
Moderate 4.86 12.20

[ligh L1o 2,76

sediments as well as natural areus over limestone and
sediment formations (Fig. 1). The moderate zone of the
risk map (14% of the catchment) represents mostly the
large scale industrial installations in the lowland sedimen-
tary section of the study area. Moderate pollution risk for
the groundwater depicts also the oil refinery downstream,
the sedimentary part of the landfill and oil warehouses
close to Koumoundourou lake (Fig. 4). High and very high
risk zones cover approximately 4% of the catchment and
comprise the part of landfill lying on limestone formations.
active mining installations and oil refineries/warchouses on
permeable surface layers.

The arca west of Koumoundourou Lake illustrates low
pollution risk since there is only a thin boundary with
clavey sediments that separates the lake from the adjacent
seu shore while east and north of the lake there are
moderate risk zones even though the surface layers offer
significant protection due to the location of the oil refinery
and warchouses in close proximity.

The main aquifer in the area is located in the Triassic
limestone formation in a level slightly above the mean sca
clevation (Fatta et al., 2002), Pumping tests occurred under
a recent hydrogeologic investigation (Zacharias et al.,
2003) in several boreholes. homogenously distributed in the
study area, which indicated groundwater velocities that
range between 3m/day and 20m/day. These tests were
conducted in  alluvial sediments (falling head test—
MAAG) and in limestone formations (Lugeon) and were
repeated 2-3 times at each borehole to validate the results.
The piczometric map of the catchment has been developed
mainly for qualitative assessment purposes by using
groundwater level measurements from the 10 boreholes
and kriging interpolation technique. The resulted map
indicates a dominant flow direction of NE-SW (Fig. 5)
which means that groundwater in this area travels with a
relatively high velocity from upstream towards the broader
ared of Koumoundourou Lake and the adjacent coastal
zone and discharges through submerged springs. There-
fore, natural attenuation in the specific aquiler system is
relatively low and consequently any conservative pollutant
reaching the main groundwater body would eventually end

h
[

up in Elefsina gulf and in Koumoundourou Lake. This is in
accordance with chemical analysis results occurred in well
and lake samples lor PCBs and PAHs (Figs. 5 and 6).
PAHs results (Fig. §5) illustrate that the lake water sample
has the second highest concentration of all the analyzed
samples while the highest value has been recorded in a well
located downstream of an oil warehouse installation. As
far as PCBs results are concerned the lake water sample
presents the highest concentration while the second highest
value has been observed in the borehole stated above.

3.2, Groundwater and lake water quality

3.2.1. Lake water quality

Dissolved oxygen concentrations fluctuated considerahly
in the lake where the lowest concentration recorded was
6.8mg/l and the highest 12.9mg/l (Table 3). Due to the
shallow character of the lake that allows atmospheric
oxygen exchange and to the photosynthetic activity of
several aquatic plants (see Section 3.3) oxygen levels can be
considered low but acceptable. These Quctuations in the
dissolved oxygen levels are also a result of periodic oil film
formation in the surface of the lake that enhances bacterial
activity and restricts atmospheric oxygen exchange. Sali-
nity levels are very high and vary significantly due to
temporally irregular freshwater recharge [rom submerged
springs resulting to the variation of salinity layers. As a
result of different salinity layers. conductivity levels
fluctuated also considerably (0.19-2.31 $/m). Light trans-
mission was relatively acceptable thus allowing aquatic
plants to easily photosynthesize. Concentrations of nitro-
gen compounds were extremely high, especially those of
N-NO; indicating significant pressures from human
activities (Table 3).

Regarding heavy metal concentrations. these fluctuated
significantly between sampling locations in the lake.
According to the studies of Koussouris (1994), Conides
et al. (1996) and Conides and Parpoura (1997). highest
levels of Min, Zn, Pb. Cu and Fe were detected al the
northwestern und southwestern part of the lake, near its
shores. This is probably because of the submerged springs
located in the northern part of the lakeshore that transfer
heavy metals introduced in the groundwaler upstream in
Koumounndourou catchment by the industrial activities.
The concentrations of the rest of the heavy metals
remained the same with no significant fluctuations. Overall,
heavy metal concentrations were generally in similar levels
with other Greek lakes (Skoulikidis et al.. 1998:; Sotiriou
et al.. 1991: Voutsinou, 1989; Fvtianos et al.. 1085).

The resulls of groundwater analysis from various studies
(Fatta et al.. 2002; Paraschoudis, 2002; Hellenic Ministry
ol Agriculture, 1990-1997) showed that groundwater
quality is significantly deteriorated. Groundwalter is almost
brackish and levels of nitrogen compounds and chloride
1ons are exceptionally high (Table 4). The increased levels
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Fiz. 3. Hazard map of Koumoundourou Lake catchmoent.

of chloride tons are mainly attributed to water abstractions
that Iimit freshwater and allows mixing with seawuter,
Seawater mixing with groundwater is merely dependent
with the distance [rom the sea. Near Elefsis Bay. chloride
levels are about 1900 ppim, whereas further inshore at 2km
distance chloride levels reach 25003000 ppm (Paraschoudis.
2002). Moreover, the nitrate concentrations in the ground-
wafer is-very high since it fluctuates from 211 to 885 mg/l

(Table 4), which is 4 to 17 times higher than the threshold
presented in the Nitrates Directive and in the Directive on
Water for Human Consumption (30 mg/1). The respective
concentrations in the lake are even higher (Table 3a) since
the residence time of the water and consequently of the
pollutants is greaterin the lake than in the groundwater,
Moreover. the lake is also receiving pressure lfrom the
adjacent military camp in which the relevant sewer is
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discharged and this further mereases the mitrate values of

the luke water, Nitrites and phosphates ure also extremely
elevated in the study area’s proundwater and lake water
which indicates substantial pressure (rom uncontrolled
disposal of urban waste. Phosphates values in the lake
mter are relatively low in relation to the groundwater and
this could be explained by the biological uptake thal
dominates in a lake ecosystem ag well as by the phosphate

storage in the sediment which is more pronounced in u
wetland area than m the groundwater.

3.3, Biological guality of the lake

The aquatic vegetation of the lake comprised of
Halophytes (Arthrocnenuan fruticulosum and Cakile mar-
iima). Juneus mavinws. Juncus effises and Carex specics as
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well as other common aquatic plants such as Limonium
gmelinii (Koussouris, 1994). A large area of the lake's

Risk elasses Area (km?) Pergent of total

riparian zone was covered by Phragmites anstralis; whieh

Yery high 014 .33
High 1.29 3124
Moderate 5.47 13.75
Low .97 22.54
Very low 23.02 60,11

was also present inside the luke and especially abundant in
areas that were secluded by oil. Phragmites australis is a
Very common species in nutrient rich environments and
therefore the elevated nitrate concentrations measured in
the lake are also validated by the dominance of this

particular species. Additionally, Chara hispida and Ruppia
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it monitoring borcholes.
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cirrhosa were found in relatively large numbers in the lake
and around its shore while Potamogeton species were also
present in high abundance at the deepest part of the lake.
Benthic invertebrates collected during several periods
were those of highly pollution tolerant species (Table 3).
The invertebrate community of the lake was dominated by
the Polvchaeta Nereiy diversicolor. which was found in
exceptionally high abundances. The rest of the community

included the Oligochuacta Tubifex tubifex, the Crustaccan
Tanais covolinii and the Gastropod Hydrobia wlva. At very
low abundances. species ol the Chironomidae (Dipterd)
and Gomphidae (Odonata) familics were collected (one
taxon from each family). A large number of dead Bivalve
shells were found in the benthic samples thus suggesting
that a different benthic community used to inhabit the lake
in the recent pasl.
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Table 3
Lake water physiochemical (a) and sediment heavy melal concentration
ranges (b) in Koumoundouron Lake

Table 4
Groundwater physicochemical and heavy metal characteristios of Lake
Koumoundoureu catchment area

Parameters Units Concentrations Parameters Units Coneentralion
£ pH Value 11682
Temperature © 21.1-22.5 Tota Solids (ma/h) 3642704 5
Drissolved O mg/l 6.8-12.9 Suspended solids (mg/l) Afk-130
pH Value 6.1-7.6 Dissolved solids (mg/l) 243 83-2170,33
Conductivity S'm 0.19-2.31 BOD; (mg/l) 1.17-4.17
Salinity Y 1.2-14.7 coD tmg/1) 10.42-78
Density Ke/m? 275133 Hurdness (mg/1) S60-807.17
Light 49.1-97.2 Conductivity (mSem) 6505700
BOD g/l 3.0-4.0 Alkalinity (asCaCO3) (mg/l) 32.17-230
con ma/l 9.3-130 Sulphate (mg/h) 4.17-728
N-NO, mg/l 17.7-22.6 Phosphate {mg/l) 11,33 171.33
N-NO4 mg/l 1237-1394 Animoniuimn (ml) 0.93-07.73
N-NH; mg/l 0-62.5 Nitrate (mg/1) 211.17-884.83
P-PQy mg/l 0-0.9 Nitrite {mg/l) 0,78 298.467
Si-Si0, ma/l 3845 Bicarbonute {mg/1) 130350
Chloride (meg/l) 47.17 3000
(b Potassium (mg/l) 3.2-87.35
Manganese ppm 46-800 Sodium (mg/l) 20-674.4
Cuball ppm s.0-12.0 Caleium (mg/l) 57-380
Nickel P §.0-44.0 Iron (me) 0.51-1.92
Cadmivum ppm 0.1-2.8 Zine (mg/1) 0.05-0,19
Chromium Ppnt 21-36 Lead (mg/T) 0.26-0.3
Zine ppm 62-715 Nickel {me/l) 0.02-0.12
Lead ppm 12-220) Magnesium {mg/l) 34-200
Copper ppim 19-90
Tron ppm 233211835 Vilues represent concentration ranges from 1997 1o 2001 sampled from
Barium ppi 14-37 more than 20 wells (Fatta et al,, 2002: Paraschoudis. 2002; Ministry of

Physicochemical parameters represent lake waier samples collected fram
siv sampling sites and heavy metals sediment samples collected from 11
sites. Data represent concentration ranges from 1994 to 1996 acguired
from Koussouris (1994). Comdes et al. (1996) and Conides and Parpoura
(1997).

Overall, the diversity of benthic fauna of the lake was
very limited and was dominated by the Polychaeta Nereis
diversicolor. Compared with previous related studies
(Koussouris, 1994: Conides et al., 1996) the invertebrate
community of the lake almost remained the same.
A second species. however of the genus Nereis was present
(Nereis caudata) and the Crustacean Leprocellia savignii,
which were not found in this study. Finally. species of the
Chironomidae and Gomphidae families were absent [rom
the lake a decade ago. while their current occurrence with
low abundances should be further investigated.

4. Conelusions

The groundwater vulnerability map of Koumoundourou
lake catchment indicated relatively high natural protection
in the lowland dug to the existence of thick and medium to
low permeability sedimentary layers covering the aquifer.
The high vulnerability zone encountered in this area
coincides with the hilly limestone outcrops in the central
and eastern part of the catchment extending over 48% of
the total areca. Nevertheless, even though most of the
industrial installations are located in the relatively well

Agriculture (1990-1997)).

Table 5
Benthic community of Lake Koumoundourou

Lake Koumoundourou sampling locations

Taxa I 2 3 4 5 6
Oligochaeta

Tubifex wbifex +

Polychaeta

Nereis diversicofor  + + 4 + Y, i
Gastropods

Hydrobia ulvae + 4 + - |
Crustacea

Tanais covolinii +

Insectu

Chirononis sp. + L & A +
Gomphidee w.sp. |

protected lowland zone the groundwater risk map indicates
moderate to high pollution risk due to the significant
hazard that the particular human activities incorporate.
The high risk zone is mainly observed in the landfill arca
(site no. 4 in Fig. 3) and especially in the part of it overlying
limestone formations while very high risk arcas arc only
encountered in sites where specific industries are located on
high vulnerability substrate. Furthermore, a very high risk
zone exists in the southern part of the coastal oil refinery
(site no. 1 in Fig. 3) in close proximity to Koumoundourou



L Dimbreion et al [ donenad of Eovieomneinad Manogenzent S8 2008, 326 338 537

[ake. These results are also aceredited by the waler quahty
anulyses in groundwater and in the lake as well as by the
biologieal survey in the broader avea of the lake. PCBs and
PAHs vilues increase in the direction of groundwalter [Tow
and 1 Koumoundoureu lake the highest levels have been
detected. This is because ol the groundwater recharge m
the lake that occurs through submerged springs and
enriches 1t with leakages Irom imdustry and agncultural
activitics. Moreover, heavy metal concentrations were
relutively higher in the Northeastern part of the lake
(Koussouris. 1994: Conides et al. 1996) supporting the risk
mip results regarding the adjacent oil refinery interaction.
Nevertheless, overall heavy metal concentrations in the
fake are not extremely hieh durng the study period and
this is because ol several restoration meuasures that allowed
the removal of significant amount ol oil from the lake over
the past 3 years (Poulovassilis et al.. 1994),

The water Row and Lwrnover is such that. even though
the lake 13 heavily polluted by oif, phytoplankton blooms
are not promoted during any ume of the yeur und the light
penetration is relabively high. This can be attriboted 1o the
fact that the il film that pertodically covers the luke is
forced, wcither by the wind direction or the lake's
meromictie slatus. 1o outllow from the lake into Elefsis
Bay (Conides & Parpoura, [997: Conides et al., 1996).

In this study, the COP method flor groundwater
villnerability (Andreo et al. 20060) and a relevant risk
mapping  approach haye been applied in o heavily
industrialised lake catchment while water quality results
from the aquiler and the luke has been used to verify the
effort. Similar studies indicated thal
implementing groundwater vulnerability and risk mapping
models w identify impacts [rom human activities can
provide aecurate resulis (Lake et al.. 2003) while the outpul
from such models can be used for effective environmental
management by the responsible authorities (Osborn and
Coolk. 1997 Giupponi et al.. 1999).

risk  assessment
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Abstract

The Ernesto Ternquist nature reserve is a relict of native Pampas vegetation in Argentina. Alien trees were introduced 1o the reserve in
the (9505, mainly o “improve™ the natural landscape. resulting in the arrival of a totally new life form. In 1987, a five affected an area
planted with Pimus halepensis resulting in its massive expansion. In 1999, we removed trees from 17 circular plots of 10m diameter placed
systematically within the arca that was colonized afier the fire, Trunks were cut 20 em from the ground and growth rings were counted.
We studied the age structure of the pepulation in order to reconstruct the colonizing events after the fire. We found that recruitment
oceurred throughout this period, except in the three years after the disturbance. We suggest that this delay m recruitment migh! be caused
by low seedling survival under waler stress conditions due to low rainfall. combined with scarce vegetation cover after fire. This could
have been associated with an initial reduction in propagule pressure due to the searcity of surviving trees in the vicinity and with the fact
that fire occurred after the peak of seed release, during an extremely dry summer. probably killing a great number of seeds thut were
already in the soil. In the following years, reeruitment was probably aided by pioneer trees and later by seeds shed from established pines,
Alien trees hud been allowed to reach maturity due to wildfire prevention and control in the years preceding the fire and the accumulated
dry matter resulied in increased fire intensity that reduced the ability of grasses to re-sprout. As 4 consequence. the mnvasion window that
allowed the expansion of pines remamed open for at least 12 vears.

i 2007 Published by Elsevier Lid,

Repwards: Age structure; Conservation: Disturbance; Invasion window; lovasive alien species

1. Infroduction

Biological invasions are among the most imporiant
human-driven agents of change in natural environments
around the world, and are usually associated with significant
impacts on economy. culture and biodiversity (Baskin, 2002;
Willlamson, 1996). Historically human activities have
caused the accidental or planned dispersal of many species
beyond their original distribution ranges and this process is
preseitly at it highest expression. According o Williamson
(1006} only a small percentage of species introduced into a
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fa: + 84207 45051 3().

Fomail addresse sealba eribaeduar (SOML Zalba).

020147078 - see front matter © 2007 Published by Elsevier Litd.
den L0 1010/]. jenvman, 2007.03.018

new area are able to establish self-sustaining populations,
and only a small number of them become invasive.
Nevertheless, the probability of invasion success increases
significantly according to three main factors: previous
selection ol species ecologically suited to the new location.
propagule pressure and the degree of “human assistance™
the species receives during the immediate post-introduction
phase, when it is especially susceptible to environmental and
demographic stochasticity. Foresiry species have a particu-
larly high frequency of introduction and huge efforts are
directed towards getting them acclimalized to new localities.
They have been introduced for a variety of purposes
including firewood, food production. timber. land stabiliza-
tion. wind-breaks or for “improving”™ the landscape (Mack
et al.. 2000; Richardson, 1998; Richardson and Bond, [991).
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Tree species, such as pines and eucalypts, have been
introduced all over the world, covering millions of hectares.
Eucalypts have shown poor invasive potential. but the
genug Pins includes some of the species with the greatest
invasive potential. Species such as P. radiata. P. elliotti, P.
halepensis, P. patula and P. pinaster have invaded extensive
regions in Argentina. Australia. Brazil. Chile. Colombia.
New Zealand, South Africa, Uruguay and Venezuela
(GISP, 2005; Richardson and Rejmanek, 2004). They have
modified huge areas of grassland. shrubland and wood-
land. replacing dominant life forms. changing structural
diversity and allering the frequency and intensity of fires
(Chilvers and Burdon, 1983; Macdonald and Jarman, 1985;
Richardson and Bond. 1991). Three species of pines. P.
radiata. P halepensis, and P. pinaster have been cited us
dgeressive invaders in Argentina (Inbiar. 2003; SimberlofT
et al., 2002; Zalba and Villamil. 2002) and the first two are
considered as major threats to biodiversity canservation in
the last relicts of native grassland in the Pampas
phytogeographic province (Zalba. 2000).

The ecological features that increase the ability of
serolinous pines to colonize and invade new arcas are
related to their life-trait attributes (Rejmanek and Ri-
chardson. 1996): They are self-compatible. rapidly matur-
ing plants that produce a large quantity of small, light.
winged, wind-dispersed seeds (Cronk and Fuller, 1995:
Richardson et al., 1994), Their cones remain closed (or
long periods, thus maintaining a persistent canopy seed
bank (Daskalakou and Thanos. 1996: Izhaki et al.. 2000:
Thanos and Daskalakou, 2000). Fire promotes the opening
of serotinous cones and favours seedling establishment due
to the addition of nutrients to the soil and the elimination
of vegetation cover (Rejmanek. 1999: Reimanek and
Richardson, 1996: Thanos. 1999). Thereflore. fire is a key
lactor [or the establishment of spontaneous populations ol
serotinous pines. Knowledge of the relationship between
the alien invasive species and this disturbance constitutes a
powerlul tool lor managing the invasion problem. P.
halepensis 1s well known as a naturalized or invasive species
in Australia. Israel, New Zeuland. South Africa and USA
(Richardson and Higgins, 1998: Richardson and Rejma-
nek. 2004), but its invasion dynamics have not been studied
in-any part of South America. In this study. we analyse the
age structure of an Aleppo pine population that is invading
natural grassland in the Argentine Pampas in order to
determine the effect of fire on its recruitment. We also
evaluate whether fire 18 responsible for opening an invasion
window that favours the advance of the alien species.

{1 Study area

The work was carried out in a P. halepensiy stand located
on the south-western slopes of the Ventania mountains. in
the Ernesto Tornquist Provincial Park. Buenos Aires
province. Argentina (Fig. ). The Ventania mountains are
found from 38°10°S to 62°8'W in a general NW SE
direction, and theyv include the highest peaks of the Pampas
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Fig. |. Location of the study area. Ernesto Tornguist Provincial Park
inctudes part of a mid-height mountan range in the south of Buenos Aires
provinee, Argentina (38'04'S, 6]758'W ).

region. which barely exceed 1200m above sea level
(Kristensen and Frang, 1995).

The climate is temperate. with a mean annual tempera-
ture of 14.6 "C. Average annual rainfall ranges from 600 to
800 mm. concentrated in the spring and part of summer
(Frangi and Bettino, 1995). The region belongs to the
Southern District of the Pampas Phytogeographic Region,
where grass steppe Is the dominant vegetation (Cabrera.
1976) and Stipa. Piptochaetivm. Festuca and Briza are
among the most common grass genera. There are also some
shrub communities mainly dominated by Euparorium
buniifolium, Discaria longispina and Geoffroea decorticans
(Kristensen and Frangi, 1993).

Ernesto Tornquist Provincial Park is one of the last
relicts of native vegetation in the Pampas region (Berio-
natti and Corcuera. 2000; Bilenca and Mifarro, 2004) and
has an area of ca. 6700 ha. More than 50% of the vascular
flora belonging Lo this ecosystem is found in the reserve,
including 37 endemic taxa (Long and Grassini, 1997),
which highlights the role of this park as the most valuable
unit for biodiversity conservation in the region as a whole
(Kristensen and Frangi. 1905),

The reserve is undergoing severe invasion by Aleppo
pine. The species occurs in a high priority arca [or
conservation, causing significant reduetions in native plant
species diversity and richness, and allowing the introduc-
tion of other alien plants and the establishment of
opportumstic bird species (Zalba, 1994, 2001). This gpecies
was originally planted in the park in the 19505, with trecs
clustered in small plantations and also scattered along
trails and roadsides, Data from aerial photographs ;10000
revealed that pines covered an area of ca. 10ha m 1981
(Zalba 1994). In January 1987, a fire affected 80% of the
area covered by pines. Unfortunately, there are no specific
records about the extent of the fire or its intensity. or the
percentage ol trees that were Killed by fire. We can infer,
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Fig. 2. BExpunsion of Aleppo pines in Ernesto Tornguist Provincial Park: (a) 1967 (scale 1:10000); (b) 19811 and (¢} 2003 (scale 1:6000).

from intcrviews with people that lived in the area at the
time of the fire and also by considering the age of the oldest
trees in this sector. that fire killed=most of the pines in the
arca directly affected, leaving unburnt clusters at distances
ranging from 250 to 400 m from the burnt area. A twenly-
fold increase in the area of occupancy of P. halepensis was
recorded following this fire (Zalba, 1994) (Fig. 2).

2. Materials and methods

In June 1999, |7 circular plots of 10m diameter were
established at two different altitudes (500 and 700 m above
sea level) in a dense stand of Aleppo pine, as part of a
control strategy implemented in the reserve to restore
natural environments invaded by pines. Aerial photo-

graphs showed that the area under study was devoid of
trees belore the 1987 fire, and this was conlirmed by the
lack of trees older than 12 years in this site. All the trees
inside these plots were cut down. Pines with trunk
diameters of more than | em were cut with hand and chain
saws 20 cm above ground level, while the smaller ones were
pulled by hand. The number of pines taken from each plot
was recorded. the diameters of cut trunks measured, and
the number of growth rings counted. For the smaller trees.
the number of growth rings recorded in the field was
confirmed by looking at eross-sections dyed with safranine
under the microscope. In the case of larger trees. growth
rings were counted in the feld, and trunks were treatod
with bleach (sodium hypochlorite) when rings were difficult
to define.
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The age structure of the population was inferred from
data on the density of each age class and changes in
recruitment were analysed taking into account the time
elapsed since the fire. Age structure was evaluated in the
light of information on rainfall during the main recruit-
ment season (March-May) (Cuevas and Zalba. 2004).

Density and basal area were calculated when the trees
were felled. Differences in density, basal area and mean age
between pines in the sites at different altitudes were
assessed by means of ™ tests. Linear regression analyses
were used to evaluate the relationship between the diameter
of the trunks at a height of 20cm and the number of
growth rings at the different altitudes. Both regression
curves were compared in order to determine il there were
differences in growth rates at different altitudes.

3. Results
3.1 Age structure

A total of 199 pines were felled in the 17 plots. The mean
age for all measured trees was 5.16 years (SE = 0.17) and

Lhe mode was between 5 and 6 years, corresponding to
trees that recruited in 1994 and 1993, respectively. As the

sampling was undertaken at the time when most of the

germination takes place in the region (Cuevas and Zalba.
2004) we were not able to record seedlings corresponding
to the last peak of seed release (summer 1998-1999) and so
the youngest plants recorded belonged to the recruitment
peak of the year preceding the cut (1998). The oldest pines
were 10 years old in the higher (700 m) site and 12 years old
in the lower (500 m) one, coineiding in the latter case with
the fire that affected the area in 1987.

The age structure of the population shows a multi-modal
profile. with several peaks of recruitment during the period
under consideration (1987 to 1999) (Fig. 3). One of the
peaks corresponds to young trees one year old, represent-
ing 8.5% of the population, the majority of which showed

2008 ) 338546

evident signs of weakness, with dry needles and branches,
The other two peaks coincide with trees aged five and six
vears. and eight years. respectively. Only 3.7% of the
studied pines (trees that were 10-12 years old at the time of
felling) were recruited in the first three years after the fire.
A good correlation can be seen between the density of trees
of different uges and the amount of rain during the
recruitment period (March -May). Rainfall during the
recruitment periods corresponding to the first four years
after the fire were slightly below the historical average of
the area (212mm, SE = 9.8). In addition, precipitation
during the 1986-1987 summer was only one third of the
average since 1915. probably determining extremely low
water runoff and soil humidity at the moment ol the fire.

3.2. Density. basal area and trunk diameter—age relationship

Mean pine density in 1999 was (.55 trees/m” (SE = 0.20).
with no significant differences in this variable between the
500 and 700 m sites (¢ = 1.7, p=0.12). Towever. a greal
variation in density was observed within cach site,
especially at the lower altitude. with densities two and
four times higher than the mean value for the site in the
two plots located close to the border of the stand. When
these two plots were excluded from the analysis, the
consequent reduction in variability allowed the detection of
a significantly higher density at the lower altitude
(0.32-£0.04 plﬂl‘llﬂy’lmj} compared (o the higher one
(0.21 +0.04 plants/m?) (r = 2.074, p = 0.05).

Mean basal area was 35.27m”/ha (SE = 4.01). with no
significant  differences  between altitudes (1= 0.82,
p=0.425) and there was still no difference even when the
outer plots of the lower site were excluded (1= 0.58,
p=0.57).

Highly significant linear relationships were detected
between trunk diameter and age (number of growth rings)
for all the trees considered together and at the different
altitudes separately (Fig. 4). The curves belonging to these
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Fig, 3. Age structure in a stand of Pinus halepensis Mill. determined by counting growth rings on 199 trees (calumns) and rainfall measured during the

recruitment period (March-May) (line),
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two zones showed significant differences (p = 0.0013).
The one corresponding to the higher altitude
(¥ =10.293X+2.551) has a smaller slope than the one atl
the lower altitude (Y =0.356X+2.033). This reveals
significant differences in the growth rate, lavouring (rees
at the higher altitude.

4. Discussion

The effect of disturbance on the success ol invasive
species has been extensively discussed (Hobbs, 1989, 1991
Lozon and Maclsaac, 1997). In particular, the relationship
between disturbance and success of alien invasive plants in
the Pampas grasslands of Argentina was assessed experi-
mentally by Facelli and Leén (1986) and Mazia et al
(2001) working with elm ( Ulmus pumila), privet (Ligustrum
tucidynt), and honey locust (Gleditsia triacanthos) and they
concluded that native grasses interfere with establishment
processes and that invasion only becomes possible when
grasslands are strongly disturbed by vegetation clipping or
topsoil disturbance. In a similar way. our results stress the
importance of fire as a key [lactor that triggered the
invasion of P. halepensis in the natural grassland that we
studied. This situation has already been reported by many
authors working in the area where this species 18 native
(lzhaki ct al.. 2000; Nec'eman and Izhaki, 1998, 1999;
Ne’eman et al. 1992 Thanos and Daskalakou, 2000;
Thanos et al., 1996; Tsitsoni and Karagiannakidou, 2000)
and also in regions where it acts as an invasive alien
(Higgins and Richardson. 1998: Richardson, 1988: Ri-
chardson and Higgins, 1998; Rouget et al., 2001). Never-
theless, some interesting features arose when the age
structure ol pines that invaded our study area was
compared with those reported elsewhere, and this could
help to fill a gap in our wnderstanding of the invasive
nature of this specics,

One of these features relates to the length of the
recruitment period. The 1987 fire in our study site seemed
to promote massive seed release and recruitment, as
happens mn all the other described locations. the difference

being that in our case recruitment continued (or at least the
next 12 years. In South Africa Aleppo pine recruitment
completely stopped seven years after fire (Richardson,
1988), whereas in Greece it started after fire with a gradual
decrease during the first two post-fire years (Thanos et al..
1996). Our results indicate continuous establishment
during the study period which coincides with results
reported by Trabaud et al. (1985) for Montpellier, France.
where Aleppo pine density increased during 13 years alter
fire. The soil seed bank in P. halepensis is ephemeral
(Daskalakou and Thanos, 1996: Izhaki et al.. 2000:
Skordilis and Thanos. 1995: Thanos 2000: Thanes ¢t al.,
[996), so the seed source for this continuous recruitment
must have come Irom irees that remained unaffected by
fire. as well as from cones in trees that were partially burnt
but not killed by fire, which in turn were able to cast seeds
during the first years alter fire (Trabaud et al.. 1983). A few
years later, newly established trees must have constituted
new seed sources, as suggested below.

Another mteresting leature of the case reported in this
study is the relative low success of cohorts recruiting in the
vears after fire. which determines the shape of the age
structure curve. Most studies on the response to fire by P
halepensis report population structures that are almost
even-aged. with a main peak mn the first year after the
disturbance (Richardson. [988: Trabaud et al.. 1985). The
time of establishment of the older trees in our study (12
vears) coincides with the year after the fire. Fire was
probably responsible for increasing pine recruitment. either
by stimulating seed release or reducing competition with
grasses in the regeneration niche. or both. Nevertheless.
seedling establishment in our study area was nol very
successful during the first three years alter the fire:
consequently, the main peak in the age structure curve is
displaced lorward. We suggest that this delay in recruii-
ment might be caused by low germination and/er seedling
survival under water stress conditions resulting from the
combination of low rainfall and lack ol protection due 10
scarce vegetation cover after fire. Thanos et al. (1996),
working with a native Aleppo pine forest in Greece,
pointed oul high mortality, exceeding 80%, during the first
three years after fire. mainly in response Lo competition
with other plants, attacks by insects and other animals,
fungal infections and water and cold stress. Also in Greece,
Daskalakou and Thanos (2004) found seedling mortalities
ranging from 23% to 30% of the total cohort in relation Lo
water availability during the early establishment phase
after fire and during the following drought tolerant phase
when germination and early seedling development and
establishment take place. Trabaud et al. (1985) also
reported a high mortality of young pine classes in
Montpellier, France, that was probably due to dry ¢limatic
conditions that affected seedling survival: moreover. thev
found two areas where there was no re-colonization during
the first three and four years alter fire. probably due to high
mortality. Pausas et al. (2003) reported a significant
decrease in seedling recruitment during the 29 months
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following a fire. Survival challenges seem (o be especially
critical far away rom the large burnt canopies. where inter-
and intra-specific competition are higher, and mineral
nutrition is poorer (Ne'eman et al.. 1992). Trabaud et al.
(1985) found that a light vegetation cover increases the
qurvival of seedlings. especially during summer droughts
when they are young. In a similar way. Pausas el al, (2004)
observed that the main source of variation in post-fire
regeneration was the number of branches and trunks
covering the soil surfiace. Branches from burnt trees provide

micro-climatic conditions that favour the establishment of

pines. emphasising the importance of physical stress for tree
establishment. As has been said. precipitation during the
recruitment periods corresponding to the first four vears
following fire was slightly below the historical average for
the area, and this. combined with the reduction in vegetation
cover that followed the fire in our study site. probably
increased insolation and walter stress. This hypothesis
coincides with results obtained in another study in the same
area that showed that Aleppo pine seedlings growing in sites
subjected to high defoliation levels (and so more exposed to
high solar radiation and evapotranspiration) suffer from
higher mortality (de Villalobos com. pers.).

Seedlings that were successfully established in the years
alter fire in our study site might have changed the micro-
climatic conditions. increasing the probability of survival
ol those that germinated later. This could explain the peak
in recruitment that started in the fourth year after fire.
These more appropriate conditions for germination and
seedling survival may have continued until the eighth year,
when' pine density increased to a level that generated
density-dependent mortality resulting in a poorer repre-
sentation of the following age classes. The observed drop in
récruitment in 1992 might be the effect of unusually low
precipitation (there wus no rainfall in the period Februar-
y—March 1992).

The following recruitment peak in 1993-1994 probably
originated {rom the seeds produced by pines established
soon after the fire. Trabaud and de Chanterac (1985) report
that the juvenile period in P. halepensis in France lasts for
more than 10 years, whereas Thanos and Daskalakou
(2000) state that this period is no longer than six years in
Greece where it is apparently common Lo see reproductive
trees of 3-4 wvears in populations recruited alter a fire
(Thanos et al.. 1996). This last record coincides with the
reproductive behaviour of the species in our study area
where seeds are released [rom five year old trees and 25%
of the 11 year old trees have open cones (Zalba et al., 2003).

Reeruitment was high again in the last two years of our
study. but the majority ol these new plants growing n a
fully stocked population will probably die yvoung. This
negative density-dependent effect is also reflected in the
lower growth rate recorded for pines growing in the lower
altitude site, where tree density is significantly higher than
al the higher altitude. In the study area, tree density is
higher in the foot-hills, with no difference in basal area in
respect lo the higher altitude site. indicating that on

average pines growing higher up in the mountains arc
larger despite the fact that recruitment started later in this
ared.

A complementary hypothesis which would explain the
delay in recruitment 18 an unexpecled low propagule
pressure following the fire due te the scarcity of surviving
trees in the vicinity. and also because fire oceurred after the
peak of seed release. during an extremely dry summer.
probably killing a great number of seeds already in the soil.
Total rainfall during the summer after the fire in our study
area (December 1987-February 1988) was only 74 mm,
which is extremely low compared with a listorical average
ol 226.05 mm (DS = 87.74) for the same months during the
period 1915-2003. being the second lowest rainfall in 90
years. Recent discussions about the reproductive biology of
P halepensis include a shift from a traditional strong
emphasis on fire as the major factor affecting regeneration
(Neleman et al.. 2004), The species has usually been
considered as a post-fire obligate seeder, which regenerates
only from seeds in the post-fire environment. nevertheless i
is now proposed that most of the seeds of P. halepensiy are
produced in regular cones that release their seeds under dry
weather conditions (Lavi et al.. 2005: Nathan el al.. 1999:
Ne'eman et al.. 2004). The unusually dry conditions prior
to the fire probably stimulated seed release and those seeds
were then killed by fire. Moreover, another factor is that
the studied population was established in an area which
was previously devoid of trees. at distances ranging from
250 to 400 m from the parent plants, and therefore the area
was not directly under the canopy and seed rain was
probably not as intense as in other studies of Aleppo pine
regeneration. It is interesting to note that this delay in
recruitment did not occur in later fires that allected
different sectors of the study site in December 2001,
December 2002 and February 2003 (Zucchino and Zalba.
2003) when an intense recruitment was observed in the first
vear after fire in all cases. The main differences between
these more recent fires and the one in 1987 were that in the
former recruitment occurred over previously invaded arcas,
and not before especially dry summers.

Both reduced initial recruitment and high mortality
could explain the observed density that is among the lowest
values reported for Aleppo pines recovering from fire
(Pausas et al.. 2004).

The Pampas grasslands were almost devoid of native
trees before European settlement. with the exception of a
few scattered individuals restricted to habitats protected
from fire. and so alen trees are a totally new life form in
this ecosystem. Wildfires, which were the main cause (or
the absence of trees in this ecosystem, are now a significant
factor for serotinous pine expansion. The invasion window
triggered by fire remained opened for at least 12 years and
this might be a consequence of a fire suppression policy
undergoing in this region. If fires occur at intervals that
largely exceed the natural disturbance regimes in the area,
it is possible that the accumulation ol biomass results in
fires of such intensity that the restoration ability of natural
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grasslands is limited, increasing the period during which
they remain vulnerable to invasion. In a similar way, the
absence of fire could result in a reduction of the abundance
of plant species capable of rapid recovery and growth after
fire. which might be the clue to the resistance of grassland
to alien woody plants. Prescribed fire hus been used as a
management tool for controlling invasive pines in South
AlTica, where management actions are directed to mimic
the natural [requency of this disturbance, which in turn
favours the restoration and conservation of natural plant
vommunities (van Wilgen et al, 1992). Depending on
management decisions, fire can be the iniliator of an
invasion, or 4 Key factor in serotinous pines control if the
frequency between successive fires is greater than the
period that elapses between pine recruitment and matura-
tion and il it helps to maintain healthier natural grasslands.
Fires in the study area are known to increase green biomass
and net primary productivity and to produce an initial
increment in the [requency of annual exotic herbs (Frangi
et al., 1980), with the recovery of natural grassland
structure and composition in about two years (Kristensen,
1093). Aleppo pines in our area start to release seeds at the
age of five years (Zalba et al., 2003), and so initial burning
[requencies [rom two to five years could be appropriate for
effectively controlling the invasion. Further research is
needed to assess burning (requencies that are compatible
with long-term conservation ol grassland biodiversity and
prevention ol reinvasion by pines. A strategy ol adaptive
management might be the best option for assessing the
optimal burning frequency. considering the urgent need to
slop pines [tom spreading.

5. Conclusions

Fire appears to be a key factor for triggering the invasion
ol P. halepensis in natural Pampas grassland in Argentina.

Propagule pressure andfor rainfall during the germina-
tion and seedling establishment period (March May) seem
1o be critical for Aleppo pine recruitment in the area.

Scedling established in the years after fire might increase
the probability of survival of those plants that germinate
later. by changing micro-climatic conditions.

Despite high seed production. density-dependent mor-
tality reduces trees survival at the end of the study.

Burning can be an effective control method if applied
with a frequency that permits grassland recovery but
imhibits pine maturation and seed release. In the study area
this might initially be between two and five years, but more
research is needed to carefully evaluate the relationship
between natural grassland, fire and invasive species in
order Lo assess an optimal fire [requency to maintain the
acogystem’s natural resistance.
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Abstract

In Nepal, soil erosion under maize (Zea mays) agro-ccosystems is most eritical during the pre-monsoon season. Very few field
experiments have been conducted on reduced tillage and rice straw (Oryza sativa) mulching, although these conservation approaches
liave been recommended. Thus, a five replicate field experiment was established in 2001 at Kathmandu University (1500 m above sea
level) on land with18% slope to evaluate the efficiency of reduced tillage and mulching on soil and nutrient losses and maize yield. The
results showed non-significant differences among conservation approaches on runoff and maize vield. Mulching and reduced tillage
significantly lowered annual and pre-monsoon soil and nutrient losses compared to conventional tillage. Soil organic matter (SOM) and
aitrogen losses associated with eroded sediment were significantly higher in conventional tillage. However, due to limited availability and
high epportunity cost of rice straw, reduced tillage would be a better option for soil and nutrient conservation withoul sacrificing

cconomic yield in upland maize agro-ecosystems.
17 2007 Elsevier Lid. All rights reserved,

Kevwords: Himalayan region; Mulehing: Reduced tillage: Residue: Runoft: Soil erosion

1. Infroduction

Accelerated soil erosion has been a chronic problem ever
gince the dawn of settled agriculture and has adverse
cconomic and environmental impacts (Lal, 1998)., For
rainfed agro-ecosystems in Nepal, soil erosion is most
severe during the pre-monsoon season (Ries. 1995; Schreier
and Shah, 1995, Sherr and Yadav, 1996; Tripathi et al.,
2000a; Schreier et al., 2001; Atreya. 2002; Gardner and
Gerrard, 2003; Atreya et al. 2006). During the pre-
monsoon season, rainfall events tend to be of high intensity
accompanied by strong winds and occasionally hail.
Further. before the onset of pre-monsoon. the agricultural
lands are tilled several times. which makes soil dry, bare
and devoid of vegetative cover. Thus, soil and nutrient
losses [tom the upland (erraces are usually high even before
the onsel of actual monsoon, Gardner and Gerrard (2003)

"Corresponding author, Tel: +9771 6211252,
Email addvess: katreya@ gmail.com (K. Atreva),

30147874 - see front matter T 2007 Elsevier Lid. All rights reserved.
dei: 10, 101ej jenvian, 2007.03.017

clearly state that “in the case of middle hills, [soil and
nutrient] losses will be seriously underestimated if the small
number ol high magnitude storms in late April and May
after plowing but before development of weed cover, are
not measured”. The rate of soil loss gradually diminishes as
the soil cover [rom maize (Zea mayy) crop and other
vegetation increases following the onset of the monsoon
season.

There is a growing literature that indicales conventional
tillage to be the dominant practice leading to accelerating
soil erosion especially in slopping farms of the Himalaya.
In the Indian Himalaya, Sharma et al. (2001) and Jain et al.
(2000) found very high rates of overland flow. soil and
nutrient losses from bare agricultural fields following
traditional practices compared to other land uses. In
Nepal, the tillage intensity is 4 major factor that enhances
soil erosion during pre-monsoon in upland agro-ecosys-
tems. Thapa (1996) argues that larmlands have been
undergoing unsustainable rates of soil erosion and soil
nutrients depletion due to [requent hoeing and plowing.
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Farmers believe that the exposure of land to the sun, rain
and air for a long period helps 1o improve soil fertility
(Thapa and Poudel, 2002). Therefore. they plow lands
immediately aflier the harvest of crops and leave them
exposed without any vegetative cover. Atreya et al. (2006)
pointed out that Nepalese [armers in central hills till land
three times before maize sowing viz. (i) belore the onset
of pre-monsoon season (nearly 2 months carlier, February/
March). (ii) after 20-25 days (March/April) of first
lillage, and (iii) al the lime of maize sowing, which is
after 2 to 3 pre-monsoon rainfall events (April/May). Due
to this tillage operation. seils become extremely dry and
dusty, without any vegetative cover allowing the high
intensity pre-monsoon rain wash away a significant portion
ol top soil.

As. alternatives to the conventional tillage system,
various studies (Acharya. 1999; Rajbhandari. 2000; Bajra-
charva. 2001: Ransom and Rajbhandari, 2001; Gardner
and Gerrard, 2003) reported minimum tillage and mulch-
ing to be potential practices for mitigating soil erosion
during pre-monsoon, Tripathi et al. (2000b) also recom-
mended developing opliens such as mulching and reduced
tillage in order to enhance sustainability of agriculture in
the Himalava. Use of crop residue mulch has profound
beneficial effects on soil properties. microclimates. and
agronomic productivity. Mulching conserves soil and
water, improves soil structure. improves soil organic matter
content, adds cations to the soil, regulates soil temperature,
and restore the productivity ol degraded lands (Srivastava
et al.. 1993). Mulching dissipates raindrop energy and
thereby decreases soil detachment. It also encourages
infiltration rates by minimizing surface sealing. and thus
reduces runoff and soil loss (Adekalu et al.. 2007). Edwards
et al. (2000) reported that mulching of barley (Hordeum
vitllgare) straw al 41/ha reduced soil loss by almost 50%
compared to control. Tolk et al. (1999) also noted that
mulching at 6.7 t/ha increased grain and stover yields of
maize by 17% and 19%. respectively, compared to bare
treatment. Similarly. Smolikowski et al. (2001) and Barton
el al. (2004) also reported reduced runoll and soil loss by
mulching, but no effects on crop yields. Reduced tillage
also decreases runoff through reducing surface crusting
and increasing infiltration (Cassel et al.. 1995: Acharya,
1999; FAO, 2000). The practice of crop residue retention
and minimum tillage, in association with basal fertilizer
application, increases the supply of carbon. nitrogen and
enhances the degree of synchronization between crop
demand and nitrogen supply. Kushwaha and Singh
(2005) pointed that retention of a small (raction of
above-ground biomass and its incorporation in the soil
through minimum tillage enhances crop productivity and
soil fertility in a cereal based tropical dry land agro-
cecosystem,

The practice of covering the plowed land by crop
residues for soil and nutrient conservation has been
documented in hills of Nepal (Paudel and Thapa., 2001:
Khanal and Watanabe. 2006). However. only farmers with

a relatively large household size and small land holdings
used this method as availability of residue was a constraint
for others (Paudel and Thapa. 2001). Applications of
mulching and reduced tillage for soil and nutricnt
conservation during the pre-mongoon season have heen
recommended as potential researchable options in Nepal.
However, lo date very few field expcrilur:nts have been
conducted on reduced tillage and rice-straw (Oryza sativa)
mulching. Further, crop yield in sloping upland has been in
decline in most areas, at the same time farmers continue to
cultivate despite negative benefit—cost ratios as there arg
few other alternatives lor livelihood. There is an urgent
need to increase/stabilize crop yields and reverse this trend.
Therefore. this study evaluated the effect of the two
conservation practices, namely reduced tillage and mulch-
ing on soil and nutrient losses and maize yield in maize
mustard (Brassica juncea) and maize —soybean (Giveine
max) — mustard agro-ecosystems.

2. Materials and methods
2.1. Runoff plots and experimental design

Twelve runoffl plots (two replicates). each of 6m x 3m
with an average slope of 18% and northeast aspect, were
established within the Kathmandu University premises
(1500 m above sea level) to measure soil and nutrient losses
and crop yield during 2001. Another 18 productivity plots
(three replications) were also setup in nearby farmers” field.
cach of dimensions 3 m x 3 m, for crop yield only. This was
done basically to increase the replication and thus, to
minimize the experimental errors for crop vield. It should
be noted that the university is situated in a rural area, in
Kavreplanchowk district of Nepal (Fig. [) and the
experimental site was farmed by locals in a traditional
manner. The runoll plots were bordered by galvanized iron
sheets, 20 cm into the soil to prevent horizontal movement
of soil water and 25em above the ground to check soil
particle splash between plots. The collection system of
runoll plots consisted of two drums at the low end of cach
plot connected with a five-slot splitter that drains one-fifth
of the runoff” into the second drum (see Fig. 2). The
sediment mixture of the collection drums were stirred
vigorously before sampling after each storm generating soil
loss. Each sample was filtered using Whatman No. 42 (ilter

Fig. 1. Location of the study area,
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paper. oven dried at 105 C for 24 h, lor caleulation of
soil losy, These oven dried samples were used for soil
nutrient analysis.

The experiment wus conducted as a factorial randomized
complete block design. The three main factors were
conventional tillage (CT). €T with rice-straw mulching
(5 t/hu), and reduced tillage (RT). Main plots were split on
the hasiy of eropping patlern, ie. maize mono-cropped
and maize and soybean mix-cropped. i.¢., grown simulti-
neously. Thus. there were altogether six treatments viz.
(1) conventional till. sole muize, (2) conventional il
muize + soybean. (3) conventional till and mulching. sole
maize, (4) eonventional 0l and mulching, maize +soybean.
(3) reduced tll, sole maize. and (6) reduced till. maize +
:&t"lyhﬂ'ﬂﬂ 1y

2.2 Benchmark soil properties of the runof] and productiviry

A baseline of soil physical properties of the runoff plots
were established at the inception of the experiment for
[uture comparison during monitoring of soil and nutrient
losses. Slope and aspect. soifl pH. and soil chemical
parameters like organic matter (OM), total nitrogen (N).
and exchangeable potassium (K.0) were simlar at both
sites, with the exception ol available phosphorus (P2Os).
which was significantly higher i the productivity plots
(Table 1), Based on USDA Soil Taxonomy (SMSS. [983).

soils of the runoff plots were classitied as mixed mesic lithic

- S-sipts divisos

Fig. 20 Layout of an erosion block and runofl collection systems.

lible |
Camparson o sotl properties ol the runofl and productivity plots

Dystocrept. Soils of the runoff plots were sandy loam
having dark vellowish brown (10 YR 4/4) surlace layer.
Soil depth of top laver was [Sem and that of entive profile
was only 30cm. The initial gravimetric soil waler conlent.
and infiltration rate. determined before the onset ol pre-
monsoon in the vear 2000 were 33% and 4.31em/h.
respectively. Double ring inliltrometer (Gupta, 2000) wis
used to determine infiltration due to simplicity and wide
adoption even in small areas (Rao and Sharma. 1997).
Slopes of erosion plots ranged from 16% w 21%, Bulk
density was 1.38 giem”.

2.3, Suil chemical analyyes

The study was concerned with the loss ol primary
nutrients namely: N. P20, K-0O and OM. N is the mos
important hmiting nutrient Lo plant growth and develop-
ment in Nepal (NARC. 2000). Due (o high solubility und
transport, some rescarchers (Shah. 1996; Gardner et al.
2000) observed a decreasing trend of K in soils. Brown and
Schireier (2000) also found significant deficits i1 N and P.
especially in maize agro-ecosystems. For this study. soil pll
(1:1), soil OM (Walkey und Black). total N (Modilied
Kjeldahl digestion), available P (Modified Olsen) and
exchangeable K (Flame Photometer) of the croded sedi-
ments were andlyzed (Farm Resources and  Svstems
Research Division, 1950).

2.4 Agronomic practices

Plots under conventional tillage. as generally done by
local farmers. were tilled thrice (1) before the onset of pre-
monsoon season (February/Mareh): (2) after 20-25 daye ol
first tilluge (March/April). and (3) at the time ol maize
sowing. which is alter 2 to 3 pre-monsoon rainfall evenis
(April/ May). Plots under mulching were also tilled thrice.
and after sowing maize. rice straw al S1/ha was surface
applied along the slope and straw was incorporated into
soil after first weeding (30 days after planting. DAP), Ploty
under reduced tillage were tilled only once at the beginning
by opening narrow furrows across slope using a hand-hoe
Le.. during maize sowing. First and second weeding
(60 DAP) was done in all plots, even in reduced il plots,
because here the objective of the reduced ullage was to
check soil erosion during pre-monsoon rain. which 18

N of plots Aspect Slope (") pll SOM (“4) N Pa0)s (ke hi) KA (ke
Runaft plots 12 Northeast 1621 323 06142 00461 66 330
Productivity |1]|)lh I8 Northais 13=17 308 (. TREY 471 |27 421
=1esl 1s ns ns *F ns

Nager ns = not sipniﬁc;lm
= = signilicint ut probability Tevel ol (LO1
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believed to be most serious in terms of soil and nulrient
loss. Farmers in hills of Nepal cultivate land by hand-hoe
or ox-drawn wooden plough. Due to the small size ol plots
used in this study, a small pointed hand-hoe was employed
to il the land. Hand-hoe technique is commonly used on
terraces narrower than about 1.5m, or used by those
tarmers who possesses only small parcels of land and do
not own oxen (Bajracharya. 2001). Most importantly, this
technique is used intensively in and around the Kathmandu
valley area including the study site due to religious belief,
which does not permit use of oxen for land plow.

Test crops were maize cultivar “Arun 2’ and soybean
cultivar "Ransom’. Maize was planted with 75c¢m % 25¢m
spacing across slope lor all treatments. For the maize+
soybean mixed-cropped, soybean was planted in between
rows ol maize, spacing 25 cm, under reduced till and mulch
plots. However, in conventional plots, the farmer practice
of planting at random spacing in plots across slope was
followed. Test crops were planted on 31 April and
harvested on 25 August in 2001, whereas, because of
sufficient soil moisture due to early rain in 2002, crops were
planted on 10 April and harvested on 9 August. For
additonal details refer to Atreya et al. (2006).

2.5, Data analysis

Statistical analyses were performed wsing Statistix for
Windows, version 2.2 (Analytical Software. 2000). Soil and
nutrient losses were monitored only from two replications:
therefore, two sample /~test was performed to assess the
differences between conservation approaches. However.
analysis of variance (ANOVA) was also used to describe

the differences of treatment means in terms of annual
runolf. soil and nutrient loss and crop wvield. Seasonal
dynamics of soil and nutrient losses were also described
with the help of 7-test and ANOVA at 0.05 probabilities.

3. Results and discussion
3.1. Precipitation at experimental site

The amount of rainlall received in different months is
presented in Fig. 3. Total rainfall received were 1445 and
2143 mm in 2001 and 2002, respectively. indicating a dry
vear in first and wet year in the latter. During pre-monsoon
season (March—May). 15% of annual rainfall oceurred in
2001 and 16% ol annual rainfall in 2002, Total numbers of
rain events that eroded soil [rom the runofTl plots were 30 in
2001 and 24 in 2002. Of these. only seven (in 2001) and 11
(in 2002) events occurred during pre-monsoon season.

3.2. Runoff

The unusual conditions ereated by runoft plot construe-
tion during the establishment year 2001 should be noted.
Soils along plot boundaries were substantially disturbed
and there was very little cover (upland weeds), even in
reduced till plots due to trampling during plot esta-
blishment. This likely affected the system outputs: espe-
cially increased soil and nutrient losses from reduced till
plots in 2001.

With this caution. statistical analysis showed that the
conservation approaches were non-significant for annual
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Fig. 3. Monthly rainfails at experimental site (2001-2002).



K Atreva et al. | Jowrnal of Environmental Management 88 (2008 ) 547535

Table 2

L4
A

Tredtment and scasonal dynamics on runoff, seil and nutrient logses m hills of central Nepal (2001-2002)

Treatment Annual Soil loss (1/ha) SOM loss (ka/ha) Annual nuteient losses (kg'ha)
runaff
{ )

Pre- Monsoon  Annual Pre- Monsoon  Annuoal Tatal N 1.0 K.0O

MONSOON monsoon
Conventional il 129 124 34 15:8 26207 T4.1 336.9 8.8 1.9 4.0
sole muize
Conventional il 117 14.9 2.3 17.3 269.6 41.7 3114 15,5 1.5 4,4
miize | sovbeun
Mulching, sale 125 5.7 3.5 9.3 1087 61.9 170.6 9.6 1.0 2.3
I".Ilf.l]"ZL‘
Mulchng. Lo 3.0 2.7 8.3 102.6 495 E52:1 91 0.8 2.2
maize - sovhean
Reduced Hll, sole 128 i 3.5 10,8 167.7 39.2 2268 Ul 0.9 2.0
VIRV
Reduced till. 134 7.9 34 [1.4 146.8% 6.4 2072 11.7 1.1 2.7
maize -+ spybean
I -test
Replication ns ns * ns ns ns ns ns s i
Treatment (T) ns bt ns fos bk ns *E S 3 i
Yeur (Y) ns ns L s ns * ny ns *¥ AR
TxY ns ns ns ns * ns ns ns y "=
LS for T (0.05) - 241 3.1 55.0 647 3.9 0.3 0.7

#Significant at prohability level of 0.05.
FESignificant at probability level of 0.01.
1y = not significant.

runoll; however, reduced tillage produced shghtly higher
runoff than conventional tillage and mulching (Table 2).
Highest runcoff was observed in reduced tll maize +
soybean (134 mm) followed by conventional till sole maize
(129 mm). Previous studies cluimed that reduced tillage
significantly decreases runofl through reducing surface
crusting and increasing infiltration (Cassel et al., 1995;
Acharyva. 1999: FAO, 2000). However. in the present study.
slightly higher runofl [rom reduced tillage plots could be
due to compaction from trampling and less porous soil
conditions duec to lack of complete tillage. A study in
Nigeria (Adckalu et al., 2006) under rainfall simulator
showed that as the compaction level increases runoff
increased and soil loss decreased significantly. In conven-
tional tillage, the plots were freshly plowed having higher
surface roughness and porosity than reduced till plots:
therefore, retained and absorbed more water. Atreya et al.
(2006) and Basic et al. (2001) “have also made similar
arguments. Morcover, farmer practice of maize sowing
automatically tends to create small ridges on the soil
surface across slope (Atreva. 2002; Atreva et al.. 2006).
which may have increased time for infiltration. thus,
decreased total runoff.

On the other hand. the reductions in runoff with mulch
was small (5-18%), but consistent. For example, conven-
tional till sole maize was nearly 3% lower with mulch than
without (123mm vs. [29mm) and the conventional till
maize +soybean with mulch was 18% lower than reduced
(ill maize +soybean without mulch (110 mm vs. 134 mm).
However. as shown in previous studies. the anticipated

reduction in runoff due to mulching was not observed. Lal
(1976a,b) showed negligible runofl by mulching compared
te bare-lallow. Kukal et al. (1993) also documented 38%
reduction in runofl by the application of 4t/ha of mulch.
Bhatt and Khera (2006) also showed that compared with
un-mulched. mulch spread over whole plot reduced runoff
by 33%. In this study straw mulching produced compar-
able runofl” with other treatments which was presumably
due to the length and placement ol straw mulch. Aboul
S0em long rice straw was surface applied along the slope,
which may have facilitated rainfall to drain out of the plote
into the collection systems.

3.3. Soil loss

Annual soil loss was significantly affected by treatments
and by years. Soil loss during pre-monsoon season
was only affected by treatments, whereas, monsoon loss
was alfected by replication and by years (Table 2)
Conventional till maize+soybean produced the highest
annual (17.3t/ha) as well as pre-monsoon soil loss
(14.9 t/ha). followed by conventional till sole maize (13.8
and 12.4t/ha, respectively). A significant difference by
years was observed for annual and monsoon soil loss, but
not for pre-monsoon loss because of yearly variation in
rainfall amount. As compared to conventional tillage
practice, annual and pre-monsoon soil losses were sig-
nificantly lowered by mulching and reduced tillage (Fig. 4
and Table 3). Reduced tillage minimized 33% of annual
and nearly 50% of pre-monsoon soil loss. Similarly,
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Fig. 4. Effects of conservation approaches on soil loss in centrul Nepal.
lable 3 conventional tillage was due mainly to freshly plowed

Two-sample r-iest results”

Soil and nutrient loss r-test values

CT versus RT CT versus mulching

Annual runoft —0.74" 0.652°
Arnnual soil .07%s 0.02%*
Pre-monsoon® 5,90 10,81 %*
Maonsoon —.67" —0.36"
Soil organic matter 3.01#% B.01#*
Total N 5537 G 0gqE=
Available P20 2.42* 2.61*
Exchangeable K-0O 3 454 T.53%=

*Significunt at probability level of (.05,
**Signifcant al probability level of 0,01

"Degree of freedom = 14,

"Not significant,

“Soil toss during March-May was considered as pre-monsoon and that
of Tune-October as Monsoon.

mulching also reduced annual soil loss by nearly 53% and
pre-monsoon soil loss by 59%. Annual runoff was
similar for all treatments, but soil loss was significantly
different. This was reflected in differences in sediment
concentration among the treatments. Sediment concentra-
tions per thousand ml of runoff were observed to be the
highest for conventional till followed by reduced till and
mulching.

In Central Nepal. Maskey et al. (1992) also found a 77%
reduction in soil loss by minimum tillage as compared to
the farmers’ practice. Soil loss during pre-monsoon season
was significantly higher in terms of amount and intensity.
During this season, only seven (out of 30) and 11 (out of
24) rainlall events occurred in 2001 and 2002. respectively.
Significant soil Joss during pre-monsoon period [rom

conditions with minimal vegetation cover. Freshly plowed
field is susceptible to erosion and 40-50 days is required
before maize crop cover can provide enough cover
protection to reduce soil loss. In hills of central Nepal.
farmers plant the land only after the first few pre-monsoon
rain events. The mid-hills also experience local ascending
winds (March-May) that lead to violent thunderstorms
accompanied by hail before the arrival of actual monsoon
front (Shah and Friend. 1992). This leads to significantly
higher soil losses during pre-monsoon season compared to
monsoon. It is not possible o establish early live vegetative
cover in upland areas due to insufficient moisture and lack
of irrigation: therefore, it is necessary to modify the current
tillage practices for upland agriculture in the hills of Nepal
in order to conserve $oil resources.

3.4. Soil organie matter (SOM ) and mutrient losses

Treatments were significantly different in annual and
pre-monsoon SOM loss (Table 2), SOM loss was (he
highest in conventional till sole maize (337 kg/ha) followed
by conventional tillage maize+soybean (311 kg/ha) and
reduced till sole maize (227 kg/ha). The interaction between
treatments by year was also significant, especially in pre-
monsoon. indicating inconsistent (reatment responses to
SOM losses in the two years. This was likely due (0 the
differences in soil surface conditions and
(weed) cover during the two years. In 2002 significant
reduction in soil and SOM loss was observed in reduced till
plots because of presence of weeds during pre-monsoon.
which were destroyed in the first year duc Lo plot
construction (Atreya et al. 2006). As compared to
conventional (illage, conservation approaches reduced

vegetative



K Atveva et wl | Jowrnal of Envivonmental Monagemen: 88 (2008 ) 5347 555 553
20.0 188 @ Total N O Available P,0. W Exch. K,0
18.0
16.0*{
o |
T 14.0
: ]
= —
B 1204
= |
2 100+
2 II
— |I
5 o0
g |
3 6.0
|
4_0_: 23
| AT
| IR | '
0.0 s ; z
Conventional tillage Reduced tillage Mulching
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SOM [rom maize agro-ecosystems. which was also  Table 4
slalislii:ﬂlly signiﬁcam (Table 3). Mean treatment effects on maize height, grain and stover yield
Although thqre were treatments effects onn I.III."IC['N losses Trsatmeits Cob Pl Gsiin Sitover
by ‘w:a.tcr erosion (Table 2). nutrient ]()HSI}?{S in ‘eruded height height vitald vield
sediment, [or this study. appeared to be minor with the {em) (em) (t/ha) (t/ha)
exception of nitrogen (Fig. 5). Sediment bound nitrogen . = = . — O
: . : : ; ‘onventional GIL, 10 215 182 4.10
loss was highest in conventional till plots, and lowest in \L::‘;:::ﬁm :
mulched plots. Maskey et al, (1992), Pilbeam et al. fE[){]ll]. Conventional Gl 122 194 1.98 1:589
and Brown et al_ {1999) also argue that SOM and nitrogen miize + soybean
losses through water crosion during the rainy season are Mulching. sole 101 208 4.10 316
sertous problems in Nepal. ‘:““R k 5
; - Mulching. 02 20 0 3.20
This study showed that mulching and reduced tillage was r:_::l:chm“mh " 16 0 i !
e/ ) : : ] ; aize +soybe:
C{l‘tCLL\-‘\C in controlling 50tl_uud nutrient losses from upland Reduced till. sole 80 169 149 S
hills of Nepal. However, it should be noted that natural  maize
deposition under traditional cultivation practices was not Reduced 1ill, 86 187 3.94 272
monitored in the plot experiment (Gardner and Gerrard, "’:“;1_2“ +soybean . %
T . H . . -Test * ns n&
2003) and re-deposition of sedime : el er e
) and re-deposition of sediments may occur in lower LSD 0.05 5 4

terraces (Schreier et al., 2001). which was also not
accounted in plots. Thus, it is important to understand
the dvnamics of soil and nutrient transports within as well
as among the terraces. Therefore. quantification of soil and
nutricnt losses [rom multiple terraces is recommended.
However, the seasonal interactions on the intensity and
magnitude of soil and nutrient losses at plot scale is not
only important for the timing ol conservation planning,

but also important for understanding and selecting types of
conservation measures, especially in the fragile hillsides of

NC]):II.

Although rice straw wuas observed 1o be effective in
controlling soil and nutrient loss, larmers tend not to
aceept this practice. Most farmers, especially in the mid-
hills. use rice-straw as fodder for livestock: some farmers
use it as thateh maternial for roofl, and if available in
surplus, they sell it to neighbors and industries. such as
paper factories, The value of soil protection and improved

*Signilicant al probability level ol 0,03,
ns = not sigmiicant.

crop vields would need to exceed the cost of residue to be
feasible. Due to limited availability and high cost ol rice
straw, further research is needed to quantify the economic
benefits of soil and nutrient conservation provided by rice
straw muleh and/or evaluate alternative mulch matenals.

3.3, Muize parameliers

All treatments produced statistically similar grain and
stover vields (Table 4). Grain yield was highest in mulching
plots. Even under reduced-till condition, there was no
significant sacrifice of grain yield as compared to conven-
tional till. However. in previous studies conducted in
Nepal, minimum/no tillage was found unsuitable for erop
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yield and thus, farmers did not accept minimum tillage due
o low crop yield (Maskey et al., 1992). In some instances
the crop even [ailed completely (Khadka and Shah. 1987).
But a recent review paper in China (Wang et al.. 2007) have
showed increased crop yields, however, farmers’ adoption
of such tillage practices is still limited. For this study.
reduced tillage significantly lowered cob and plant heights
and as a result. dry stover yield was also lower in reduced
till plots. The shorter plant height and lower stover yield in
reduced till plots could be due to restriction in roots
development at early stages of growth.

The present study revealed good crop yields even in
reduced till plots, which was attributed to a specific
combination of soil type (sandy loam). crop rotations
and agronomic practices. Conservational tillage systems
are specific 1o seil characteristics. Soils at the experimental
sites were sandy loam, which is favorable for crop
establishment. During winter season, mustard was sown
in cach plot, and residue was taken out completely. In
preparing land for mustard. maize stubbles were removed
(generally these are used as fuel materials by farmers) and
roots were incorporated into the soil. The cultivation of
mustard in winter season further facilitates tillage opera-
tions for maize crop, even under reduced till plots.
Furthermore, the reduced tillage here is different from
that in other studies. Firstly, tillage intensity was sig-
nificantly minimized (only during the pre-monsoon peri-
od). soil was less disturbed by opening small furrows at
T5em spacing during maize planting (only once against
thrice in conventional tillage), which could restrict root
development at early stages. Secondly. reduced till plots
were also tilled during first and second weeding. Weeding
operations after 30 and 60 days of planting and application
of chemical fertilizers (top dressing) at the first weeding in
reduced till plots helped plant roots development and
maintained yield. Although such weeding operations and
fertilizer application were done in all treatments. better
respense was found in reduced lilled plots. Thus, a slight
modification in tillage intensity and fine tuning agronomic
praclices may be required to conserve plant available
resources in cultivating upland maize agro-environment in
hills ot Nepal.

4. Conclusion and recommendations

Mulching and reduced tillage significantly lowered soil
and nutrient losses compared to conventional tillage. Soil
nitrogen and organic matter losses. as particulate organic
multer associated with eroded sediment, was quite high in
conventional tillage. Thus. there is an urgent nced (o
modify conventional tillage practices 1o protect plant
available nutrients in agricultural land, especially in hills
of central Nepal, which has 42% of the total farmland and
44% of the population of the nation. Most of the soil loss
occurred during high intensity pre-monsoon rain under
conventional tillage because of [reshly tilled fields with
minimal vegetation cover. Future research thrusts on

conserving soil should focus on this critical period. Rice
straw mulch was found effective in conscrving soil and
nutrients. however, due to its limited availability and
higher opportunity cost, farmers may not adopt this
technology. Alternative mulch nced to be
explored. This research showed that reduced tillage could
be an option for management of soil resources in (he
Himalayan agro-ecosystem without sacrificing erop yields.
[t was further observed that 4 mulch residue was beneficial
for runoff and soil loss control in the hill region of Nepal.
Further work is needed to determine the long-term
cost-benefit ratios for these practices in order to develop
a sustainable agro-ecosystem for this region.
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Abstract

Interactions of hydrophobic organic compounds (HOCs) with soil organic matter (SOM) determine their combination stale in soils,
and therefore strongly influence their mobility. bicavailability, and chemieal reactivity. Contact time (aging) of an HOC in soil alse
strongly influences its combination state and environmental fute. We studied Fenton oxidation of pyrene in three different soils to reveal
the influences of SOM. contact time, and combination state on the efficiency ol vigorous chemical reactions. Pyrene degradation
efficiency depended strongly on the dose of oxidant (H20,) and catalyst (Fe” ' ): the greatest degradation was achieved at an oxidant Lo
catalyst molar ratio ol 10:1. Pyrene degradation differed among the three soils, ranging [rom 65.4% to 88.9%,. Pyrene degradation
efficiency decreased with inercasing SOM content, and the aromatic carbon content in SOM was the key parameter. We hypothesize that
pyrene molecules that combine with the compact net structure of aromatic SOM are less accessible Lo Fenton exidation. Furthermore,
pyrene degradation efficiency decreased considerably after aged for 30 days. but further aging to 60 and 180 days did not significantly
change degradation ¢fficiency. The Fenton oxidation efficiency of pyrene in both unaged and aged soils was greater than the
corresponding desorption rate during the same period. perhaps because Feniton reaction can make pyrene more accessible 1o the oxidant

through the enhancement of TIOCs™ desorption by generatling reductant species or by destroying SOM through oxidation.

() 2007 Elsevier Ltd. All rights reserved.

Keyivowdy! Fenton oxidation: Aging: Combination state: Pyrene; Desorption; SOM

1. Introduction

The combination state of hydrophobic organic com-
pounds (HOCSs) in seils is an mmportant factor controlling
their fate, reactivity. and bioavailability in the environ-
ment. When an HOC enters soil, its combination state can
vary greatly as a result of the high heterogeneity of the soil.
Soil organic matter (SOM) is believed to be the key
structure that binds HOCs (Chiou et al.. 2000). Based on
its solubility in acids and bases, SOM is divided into three
fractions: fulvie acid (FA) is the {raction soluble in both
acids und bases. humic acid (HA) is the fraction soluble in
bases but not acids. and humin is the residue soluble in
neither bases nor acids. HOCs combined with these
different fractions of the SOM behave differently because
the fine structures of the three fractions difTer (Huang et al.,

*Corresponding author. Tel: + 862223509241,
L-mail adidrexs: sunhongwen@ nunkai.edu.cn (H.-w. Sun).

0301-4797/% - see [ront matter £ 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/].jenvman.2007.03.03 |

2003). FA and HA have relatively flexible and amorphous
structures: in contrast, humin has a relatively condensed,
rigid, three-dimensional structures. Therefore. it has
been proposed that HOC molecules exist in SOM as
different combination stales: some are combined with
those “casily desorbing and available sites™, some com-
bined with “difficultly desorbing and less available sites”,
and the others with “irreversible and non-available sites”
(Sun and Li, 2005).

Moreover, it has been reported that HOCs bhecome
inereasingly unavailable with increasing contact time
(aging) in soils (Alexander. 2000), which suggests that the
combination state of the HOC changes lurther during
aging, with some molecules moving [(rom the “casily
desorbing and available sites” to the “difficultly desorbing
and less available points™, and even (o the “irreversible and
non-bioavailable sites”. It has been well documented
(Walker et al.. 2005: Conrad et al.. 2002: Macleod and
Semple, 2000: Kan et al.. 1994) that desorption of HOCs in
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soils, their availability to bio-uptake and biodegradation,
and their extraction by mild solvents all decrease con-
aiderably during aging. However, whether or not the
gombination state of an HOC, which is controlled by soil
properties and contact time. influences its reactivity in
chemical reactions such as Fenton oxidation, has seldom
been studied (Bogan and Trbovie. 2003).

Polyeyelic aromatic hydrocarbons (PAHs) have atiracted
much attention for a long time due to their potential
carcinogenic or mutagenic effects on human beings. There-
fore. it 18 important to find an effective technique for
purifying_ PAH-contaminated soils. However, biodegrada-
tion of PAHs is slow and incomplete. especially at high
concentrations (Mueller et al., 1991). Recently, in-situ
chemical oxidation (ISCO) has been shown to be an efficient
and economical remediation technique for PAH-contami-
nated soils (Goi and Trapide, 2004; Watts et al., 2002; Kang
and Hua. 2005). Fenton reaction. which uses H->0, as
oxidant and Fe " as catalyst to generate hydroxyl radicals
(=OH). is a promising 1SCO technique due to its high
eificiency. low cost, and environmental benignancy. It has
been successfully applied in the remediation engineering of
PAH-contaminated sites (Quan et al., 2003; Martinez et al.,
2003). Moreover, several studies have reported that Fenton
oxidation can enhance the biodegradability of PAHs (Nam
et al.. 2001: Lee and Hosomi. 2001: Kulik et al. 2005:
Palmroth et al., 2006). Several studies have reported that the
treatment efficiency of HOCs by ISCO is affected by soil type
(Gates-Anderson ¢t al. 2001: Goi and Trapido, 2004).
Bogan and Trbovic (2003) have found that total organic
carhon. humin content, and soil porosity all influenced the
degradability of sorbed PAH by Fenton oxidation. The
susceptibility of PAH to chemical oxidation was a function
of SOM in four of the soils (those with SOM greater than
approximately 10%), but was strongly dependent on soil
porosity for low-SOM soils. There have also been many
studies of aging effects on the bioavailability of HOCSs in
soils (Laor et al., 1996; Harkey et al., 1995; Conrad et al.,
2002). However. the effect of aging on Fenton oxidation
efficiency has seldom been discussed in literature (Bogan and
Trbovic, 2003). Hence, the objectives of the present study
were: (1) to determine the influence of soil type and aging on
the treatment efficiency of a representative PAH (pyrene) in
soil slurries using Fenton reaction; (2) to examine the effect
of pyrene combination state on Fenton oxidation efficiency
by comparison with its desorption. To determine the
optimum conditions for Fenton reaction. the influences of
the doses of the oxidant and the catalyst on reaction
elficiency were abserved first. then the optimal combination
of the two reactants was used in subsequent experiments.

2. Materials and methods
2.1 Soil samples

Lincontaminated Chinese soils were sampled as the
surface (0-20c¢m) horizontal soils in Henan Province, and

in Tianjin. These soils were named Soil [, 2. and 3,
respectively. and their characteristics are shown in Table 1.
The soil samples were air-dried, passed through a 2-mm
sieve, and stored in closed cantainers in a dry place. in the
dark at room temperature, prior to use. The content of
SOM was determined using the potassium dichromate
outside-heating method (Liu et al.,, 1996) afier removing
visible plant residues. HA is soluble in bases. but not acids:
FA is soluble in both acids and bases: and humin is the
msoluble residue that remains aflter HA and FA extrac-
tions. The content of each of the three fractions can thus
be measured using a series of extractions: 0.]'mol/L
diphosphorie acid and 0.I'mol/L sodium hydroxide to
remove HA and FA. followed by 0.5mol/L sulfuric acid
(pH = 2-3) to remove FA. pH was measured in a L:1 (w/w)
s0il-CaCls water suspension. The grainssize distribution
was determined using a densimeler. Iron content was deler-
mined using the p-phenanthroline photometric method.

2.2 Chemicals

Pyrene (98% purity) was purchased [rom the Aldrich
Chemical Company, US. Pyrene stock solution (1 g/L) was
prepared in HPLC-grade methanol. Agueous solution
containing 0.0l mol/L CaCl; and 200mg/L NaN; was
adopted as the test solution in the desorption experiments
in order to create a specific ionic strength and o prevent
microbial activily. respectively, Ethyl acctate used as
organic solvent to extract pyrene from soils; and H.O»
and FeSO, were of analytical grade. Acelonitrile used for
the mobile phase in the high-performance liquid chroma-
tography (HPLC) analysis was of HPLC grade.

2.3. Preparation of unaged and aged soil samples

To obtain pyrene-contaminated soil samples, specilic
volume of pyrene—methanol stock solution (1g/L) was
added to a given mass of soil in tubes to make up a final
pyrene concentration of 40 mg/kg (dry soil), The tubes were
then shaken using a Vortex Mixer for | min at [S-min
intervals for 1h in a hood to evaporate the methanol and
disperse pyrene molecules in the soils. Specific amount of
200me/L NaN; aqueous solution was added to inhibit

Table 1
Selected praperties of the tested soils

Saoil 1 Soil 2 Soil 3
plt 746 72 1.66
SOM (%) 1.55 1.86 5.20
Fulvic acid (%) .24 0.22 1.22
Humie acid (V) 0.75 ().80 1.24
Humin (") 0.56 0.84 274
Sand (%) 70,10 49,93 67.79
Silt (%) 23.25 14.55 2527
Clay (%) 0.62 13:50 6,90
Tran (%) 2.79 298 2.60

Texture type Loamy sand Sandy loam Loamy sand
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biological activity and keep soil moisture at 30% (wet
weight hasis). The tubes were then tightly capped with
Tellon septum and Kept in the dark at 2541 "C overnight
or for 30, 60, and 180 days to obtain unaged and 30-, 60-.
and |80-day-aged soils. respectively.

2.4, Characterization of HA and humin

Solid-state cross-polarization magic-angle-spinning and
total-side band-suppression (CPMAS-TOSS) “C NMR
spectra of the extracted HA and humin were obtained
using & Varian Infinity Plus 400 spectrometer operated at
the 1C frequency of 100.5 MHz. The instrument was run
under the following conditions: contact time, | ms: spin-
ning speed, SkHz: 90 'H pulse, 2.2 ps; acquisition delay.
45t and from 5000 to 10,000 scans (Kang and Xing. 2005).

2.3, Treatment of the soil samples by Fenton oxidation

[n the Fenton oxidation, 2 g of pyrene-contaminated soil
samples were slurried in 10mL  of de-ionized water
containing certain concentration (0—80mM) of FeSO,.
Henceforth. we will refer to this mixture as the 1:5 slurry.
pH of the tested solution was adjusted to 3.0 (+0.2) with
appropriate amounts of 1 M HCl and | M NaOH. Specific
concentrations (0-300mM) of H.0, were then added
according to the design of the experiments. The slurry
was stirred using a magnetic bar to ensure complete mixing
of the reactants for a certain period (15-180min). The soil
samples were then recovered and analyzed to determine
their pyrene content. All Fenton oxidation experiments
were conducted in duplicate,

2.0. Tenax beads—assisting desorption

To compare pyrene desorption and oxidation. deso-
rption of pyrene from unaged and 30-day-aged soils was
medsured using Tenax beads (3560 mesh, Chromato-
graphic Specialties. Canada) to assist desorption. The
procedure is similar Lo that previously described in the
literature (Sun and Li, 2005). [n this approach. 1g of the
contaminated soils was suspended in round-bottom glass
tubes containing 10mL of the test solution and 0.5g of
Tenax beads. The tubes were capped with Teflon septum
and shaken at 150rpm for a designated period of time
(0-10 days). At the end of each desorption period. the
(ubes were centrifuged for 20min at 3500 rpm. The Tenax
beads were then carefully removed using a clean stainless-
steel spatula and transferred into a clear 25-mL glass flask.
An additional 0.5 g ol clean Tenax beads was added into
the tube to continue the desorption. The contaminated
Tenax was then extracted with a 1:1 (v/v) mixture of
acctone and n-hexane in three successive extractions. with
each extraction carried out in a horizontal shaker over-
night. The combined acetone and n-hexane was evaporated
to near-dryness under a gentle stream of nitrogen in a
waler bath held at 40 °C, and the residue was re-dissolved

to certain volume using acctonitrile, The contaminant
concentration in the acetonitrile was analyzed by means of
HPLC. Pyrene recovery (rom the Tenax beads using this
method was more than 989, which was determined by
adding a known quantity of pyrene onto Tenax heads. The
percentage of pyrene desorbed from the soils was then
calculated. Desorption experiments were conducted in
duplicate.

2.7. Soxhlet extraction

Soil samples were obtained after centrilugation of the
slurry. The separated solid phase was mixed with
anhydrous NaaSOy (1:1 w/w). allowed to stand overnight.
and ground into a fine powder prior to Soxhlet extraction,
For the Soxhlet extraction, the soil sample was transferred
into a cellulose extraction thimble, which was then placed
in & Soxhlet extraction apparatus. A 200-mL round-bottom
flask containing 85mL of ethyl acetate was connected to
the apparatus, and the extraction was performed for 6h
with a reflux eycle of 5 cycles per hour (Ravelet ¢t al..
2001). After extraction. the solvent was evaporated to near-
dryness under a gentle stream of nitrogen in 4 water hath
held at 40 'C. The residue was dissolved in 10mL of
acetonitrile for HPLC analysis. Recovery of pyrene in the
Soxhlet extraction of the contaminated soil samples ranged
from 85% to 90%, and the oxidation percentage was
calculated using the sample concentration after an average
extraction recovery of 88% was accounted for.

2.8, Analyvtical procedure

The pyrene conceniration in the solvent was gquantified
by means of HPLC. The HPLC system was a model SCL-
I0AVP HPLC (Shimadzu, Japan) equipped with a
programmable fluorescence detector. A reverse-phase
column (VP-ODS Kromasil Cyg, 150 mm x 4.6 mm x 3 jm,
Shimadzu. Japan) was employed al ambient temperatures.
The mobile phase, containing §5% acetonitrile and 15%
water (MilliQ quality), flowed at 1.0mL/min, and the
injection volume was 20puL. Fluorescence deteclion was
performed at an excitation wavelength of 260 nm and an
emission wavelength of 373 nm. The amount of pyrenc wis
determined using an exiernal standard for calibration.

3. Results and discussion

3.1. Effect of H,0; and FeSO, dosage on pyrene
degraduation

Fenton oxidation efficiency for HOCs varies greatly as a
function of the reaction conditions, and this variation has
been well-documented in aqueous phase (Martinez et al.,
2003). The optimum conditions for Fenton oxidation in
soil slurries appear to be similar to those in agueous
solutions (Watts et al., 2002). In the present study. the
optimum dosages of the oxidant (Hy0») and the catalyst
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(F¢" ) for pyrene oxidation in soil slurries were determined
at a fixed pH of 3. This pH was chosen because Fenton
reaction efficiencies are the highest at a pH around 3 in both
aqueous and soi] systems (Quan et al., 2003). To investigate
the eflect of H-O> dosage. batch experiments were carmed
out on 40 mg/kg (dry soil) pyrene in a soil slurry at different
H.0, concentrations (0=500mM) with 20mM Fe® " as the
catalyst and the solution temperature held at 25+1 C. The
resulting levels of pyrene degradation are shown in Fig. 1.
Nol surprisingly. the degradation percentage increased with
inereasing H;O5. For example. the percentages were
A0.3+2.4%, 31.341.2%. and 15.541.3% at 25mM H,0,
in Soils 1. 2, and 3, respectively. When the H-O; concentra-
tion increased to 200mM, the degradation percentage
increased 1o 88.9+2.7%, 794+2.1%, and 65.4-+2.0%.
respectively. However, when the H>O- concentration con-
tinued inereasing beyond this level (to 400 and 500 mM). the
oxidation efficiency did not increase significantly.

To observe the effect of the Fe ' concentration, pyrene
degradation was analyzed at FeSO, concentrations ranging
from 3 to 80 mM at a fixed H,0O-, concentration of 200 mM
(Fig. 2). Fig. 2 shows that pyrene degradation increased
with increasing Fe’' concentration for Fe® ' concentra-
tions less than 20 mM, then stabilized or decreased slightly:
the greatest degradation was achieved at 20mM FeSO,.
Hence, the optimum condition for pyrene exidation in soil
slurry appears to be 200mM H»O0- plus 20mM FeSQO,.
with a resulting oxidant to catalyst molar ratio of 10:1.

The greatest oxidation efficiency was achieved at the
above-mentioned optimum oxidant to catalyst ratio, which
agrees with previous results (Lunar et al., 2000). This is
because Fenton oxidation is a complicated reaction
system. The Fenton initiation reactions are (Walling and
Goosen. 1973);

H-0s 4 Fe®t 5 «OH + Fe'™ L OH . (1
Fe'* | H,0, —» H* 4 Fe-OOH, (2a)
Fe-O0H — Fe™ + HO-. (2b)
100
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Fig. 1. Elfects of HO5 dese on pyrene degradation in three different soils
using the Fenton reaction (30-min reaction time in a 133 slurry with 20 mM
el ot pH 3.

100
90
S 80
g 70
-—
S 80
m
5 50
T 40
i3]
5 30
& 20
10
0 1 1 L L
0 20 40 60 80 100

Dose of the catalyst (miM)

Fig. 2. Effects of Fe' ' dose on pyrene degradation in three different soils
using Fenton reaction (30-min reaction time g 125 slurry with 2000mM
H-0- ul pH 3).

As demonstrated in Eqg. (1). H-05 acts as the oxidant.
and soluble Fe® ' serves as the catalyst in Fenton
oxidation. Attack on HOCs by the « OH radicals generated
through the reaction in Eq. (1) 18 believed to be responsible
for destruction of the HOCs (Watts et al.. 2002). In order
to continually generate * OH. the Fe' ' produced in Eq. (1)
must be reduced to Fe’ " via additional steps (Eq. (2)).
Additienally, it has been pointed out that the generation of
*OH and the subsequent free-radical attack on the target
HOCs will proceed when soluble Fe® ™ species are present.
Hence. if the total soluble Fe* ™ concentration decreases,
the catalytic eycles of soluble Fe* ™ cease and the rate of
Fenton oxidation decreases (Bogan and Trbovie, 2003).
This is why. al certain concentrations, pyvrene degradation
increased with increasing dosages of both H2O; and Fe” .
The removal rate ol pyrene was limited by the availability
of soluble Fe?* when H>0: was present in excess (Fig. 1),
thereby consuming too much Fe®' and consequently
creating a low level of Fe’" in the reaction system. On
the other hand, when Fe’" concentration was too high
(>20mM i this study: Fig. 2). a considerable quantity of
H-0, may have been consumed in vain (l.e.. not used to
generate « OH but instead used to generate water via other
reactions). Hence. an optimum oxidant to catalyst ratio
exists for Fenton oxidation of HOCs in soil systems, and
the mechanisms are the same as in aqueous systems.

3.2. Effect of SOM on pyrene oxidation efficiency

The time-dependent oxidation efficiencies ol pvrene in
the three soils with different SOM content are shown in
Fig. 3. Oxidation took place quickly, and the majority of
the reaction finished within 30 min. The percentage ol
pyrene degradation differed noticeably among the three
soils. with values of 88.04+2.7%. 79.442.1%. and 654+
2.0% for unaged Soils 1. 2. and 3. respectively. Lower
degradation efficiency was found for soils with a higher
SOM content, It has been well-documented that SOM
plays an important role in determining the mobility and
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bicavailability of HOCs in soils (Sun and Li. 2005; Walker
et al.. 2005) because the combination state of HOCs bound
in soils varied greatly with respect o SOM content and
structure. Usually. soils with higher SOM content possess
more “dilficultly desorbing and less available sites™. and
hence HOCs in these soils are less available for desorption
and biological uptake. In the present study, we found that
even in the face of a vigorous Fenton reaction. SOM still
played an important role through its impact on the
combination state of the HOC. In addition. the fact that
Fenton oxidation efficiency decreased with increasin g SOM

content might also result from greater consumption ol

hydroxyl radicals at high SOM content, which would lead
to a lower rate of pyrene degradation.

SOM is a highly heterogencous system of macromole-
cules. From the view of solubility in acids and bases. SOM
can be divided into three fractions: FA (soluble in acids),
HA (soluble in bases), and humin (insoluble in either acids
or bases). The three SOM fractions have different effects
on the mobility and bioavailability of the HOC that
combines with them due to differences in their fine
structure. In order to identify the key factor that affects
the efficiency of Fenton oxidation, the percentages of the
three SOM fractions were measured (Table 1), and the fine
structures of HA and humin in the three soils were
observed by CPMAS-TOSS "“C NMR (Table 2). The
resulting NMR spectrum revealed that humin contains
more aromatic carbons (108-160 ppm) than HA dose, and
that their aliphaticity is lower than that of HA: in contrast.
HA contains a higher content of amide or carboxylic acid
groups, (160- 190 ppm) than humin does. These groups are
polar. thus sorption of HOCs on these groups is reported
to be weak (Kang and Xing, 2005). We analyzed the
correlation between pyrene degradation in the three soils
and their SOM [ractions (Table 3). The pyrene degradation
percentage: was negatively correlated with all the para-
melers  analyzed. but the strongest correlation
(R’ = —0.955) was for the percentage of aromatic carbon
in both HA and humin. which equals the sum of the

45
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Fig. 3. Pyrene degradation dynamics in different soils under optimal
conditions for Fenton oxidation (in a 1:5 slurey with 200mM H,05 plus
JmM FeSO, at pH 3).

percentage of aromatic carbon in each fraction (Table 2
multiplied by the corresponding HA and humin percen
tages (Table ). From these results, the aromatic carbor
component of SOM appears to be the key factor affecting
pyrene degradation. and HOCs thalt combine with aro.
matic carbons become less available to Fenton oxidation
This conclusion should be verified using additional sof]
samples. Bogan and Trbovie (2003) also reported that
humin in SOM could reduce the susceptibility of PAHs to
Fenton oxidation.

3.3. Effect of contact time on pyrene oxidation efficiency

The effect of contact time (aging) on Fenton oxidation is
shown in Fig. 4. The results reveal that the rate of pyrenc
degradation had decreased considerably after 30 days of
aging, with the pyrene degradation percentage decreasing
to 74.743.1%, 63.042.0%, and 42.3+ 2.5%. for Soils 1, 2.
and 3. respectively. However. the oxidation efficiencies in
samples aged for 60 and 180 days did not differ
significantly from those of samples aged for 30 days, The
aging period may have allowed some of the pyrene that had
originally combined with the “easily accessible sites™ 1o
transfer 1o the “difficultly accessible sites”, where the
availability of the molecule to the oxidation reaction is
lower. This process is called sequestration, and it is believed
that sequestration is a natural process in soils that reduces
the availability of HOCs to biodegradation and other
reactions (Alexander, 2000).

The mechanism of sequesiration has been proposed to
result from slow diffusion of HOCs within the Nanopores
of organic-mineral complexes or the compact structure of
SOM (Pignatello and Xing, 1996). Many. authors have
concluded that interactions between SOM and HOCs
occurs as a lwo-step process, in which sequestration begins
with partitioning of the HOC molecules into the HA and
FA fractions (which have amorphous structures), followed
by dilfusion into the humin-mineral fraction. which has a
rigid net structure (Huang et al., 2003: Pignatello and Xing,
1996). The release of HOC molecules that have combined
with the HA and FA fractions is believed to be relatively
easy. whereas the release of those that have combined with
the humin fraction is more difficult (Sun and Yan. 2007),
Nam and Kim (2002) studied the distribution of phenan-
threne in different SOM fractions. and found that more
than 90% of the initial amount was found in the
humin-mineral fraction regardless of the aging period,
The recovery of phenanthrene from the HA and FA
fractions is about 11% after 1 day of aging in soil samples,
and decreased with the increasing contact time.

Moreover, Alexander (2000) pointed oul that there are
many pores or voids with diameter of 0.3-1.0nm in soil
aggregates, and this size range is similar to the range for the
molecular size of HOCs, Malckani et al. (1997) demon-
strated that the high porosity in humin-mineral complexes
mainly comes from humin, not from the mineral surfaces.
The molecular volume of pyrene is 0.186 nm? (Brion and
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Tuble 2

Integration of solid-state "C NMR specira and aliphaticity (the ratio of the sum of aliphatic to aromatic carbons) for three HA and three humin samples”

Sample Disteibution (%o} of ehemical shilt (ppm) Aliphatic C (%) Aromatic C (%) Aliphatieity
(-61) H-108 LOE-160 TH0-190

HA 568 11.8 0.1 21.3 8.6 10,1 6.79

Humin | 16:0 47.3 3,1 =— 63.9 6.1 137

HA' 2 44.4 168 9.9 18.9 61.2 19.9 208

Humin 2 7.0 350 37.0 — 62,9 ann 1.7

A3 39.3 L 17.8 [4.8 67.4 17.8 179

Humn 3 4.6 a1 35.3 — 64.7 353 1.83

"Aliphutic € represents the total aliphatic carbon region (0108 ppim):

aromatic €

represents the total aromatic carbon region (108160 ppm):

aliphaticity represents the rato aliphatic C (0=108 ppm) aromatic C (108160 ppm).

Tuble 3
Correlation coeflicients ( R7) for the relationship hetween pyrene dearada-
tion in the three soils and their SOM parameters

Total HA Himin HA + humin Aromatic carbon
SOM in (HA + humin)
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Fig, 4. Effect of contact ume (aging) on the efficiency ol pyrene
degradation hy Fenton oxidation in different soils (30-min reaction lime
g 125 slurry with 200 mM H.04 and 20mM Fe'! b

Pelletier. 2005), which is similar to the size of the soil pores.
Hence, it 1s plausible 10 hypothesize that molecules trapped
in micropores or nanopores are less available than those
found in relatively larger macropores (i.e.. pores that are
larger compared with the size of the pollutant molecule).
Henee. the smaller pores in SOM and in soil minerals can
serve ds sequestration sites for HOCs.,

3.4 Comparison of pyrene desorption and degradation

Desorption dynamics were assessed for six pyrene-
contaminated soils (three soils. with unaged and 30-days-
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Fig. 5. Desorption percentages ol sorbed pyrene in 30 davs-aged and
unaged samples of the three soils using desorption assisted by Tenux
beads.

aged samples for each; Fig. 5), Pyrene desorbed quickly
within the first day, but after 2 days, desorption seemed Lo
cease, and a steady-state was achieved in all the six
saumples. These results demonstrate that pyrene quickly
became adsorbed to the soils and subsequently resisted
desorption, with desorption percentages of only 54,7%,
359%, and 23.7% for unaged Soils. [, 2. and 3,
respectively. The desorplion percentages of the aged soils
were much lower, with the corresponding values of
13.12%., 11.34%. and 6.25%. On the other hand. pyrene
degradation by Fenton oxidation was completed in 0.5h,
resulting in about 65-89% degradation of the parent
compound. This seems to indicate that Fenton reaction can
oxidize pyrene sorbed to soil particles. However, there may
be other explanations. First, SOM content was reduced
during the Fenton reaction due to the oxidation, and this
would release many of the sorbed pyrene molecules. In our
previous study, we found that Fenton oxidation reduced
the SOM content of the same three soils from 1.55% 1o
1.28%, from 1.82% to 1.49%, and from 5.20% to 4.10%
for Soils 1. 2. and 3, respectively (Sun and Yan. 2007).
Moreover, the Fenlon reaction can generale both oxidant
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and reductant species. and it has been proposed that the
reductant species have the potential to enhance desorption
of sorbed HOCs (Watts et al.. 1999, 2002). Therefore. a
vigorous Fenton reaction may provide a complex reaction
matrix that can change the content and structure of the
SOM, and as a result. the combination states ol the
contaminant. Although the Fenton oxidation percentage
for pyrene 1s higher than its desorption percentage.
oxidation still depends strongly on the pyvrene’s combina-
tion state in the soil. As was discussed above, oxidation
efficiency differed greatly among the three soils due to their
different SOM contents and structures. Furthermore,
oxidation decreased [urther aflter aging, presumably as a
result of sequestration at less accessible sites.

4. Conclusions

An optimum molar ratio of 10:1 for the oxidant (H-04)
and the catalyst (Fe" ") existed for the degradation of
pyrene in soils by Fenton oxidation. Increasing the dosage
of the oxidant or the catalyst separately. causing a deviation
from this optimum ratio. decreased the oxidation efficiency.
Pyrene degradation varied greatly among the three soils.
with values of 88.042.7%. 79.4+2.1%. and 65.4+2.0%
for Soils 1, 2, and 3. respectively. The degradation
percentage was influenced by the content and structure of
the SOM. and the aromatic carbon content was the key
factor controlling oxidation efficiency. That is. pyrene
molecules combined with the aromatic carbon fraction of
the SOM, whose structure is believed to be compact and
rigid. were much less accessible to Fenton oxidation. Pyrene
degradation had decreased after 30 days of aging. reaching
values of 74.74+3.1%, 63.042.0%. and 42.3+2.5% for
Soils 1, 2, and 3, respectively. This is because during aging,
more pyrene molecules became trapped in less uccessible
sites. Fenton oxidation was largely complete by 30min,
whereds desorption only occurred at rates of' 54.7%. 35.9%,
and 23.7% for unaged Soils 1. 2. and 3. and these values are
considerably lower than the corresponding degradation
percentage. Though Fenton oxidation is strongly influenced
by the combination state ol the pollutant molecules in soils.
the reaction can change the combination state of the HOCs
by reducing SOM content and enhancing desorption ol the
HOCs by reductant species.
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Abstract

The svnthesis of distributed wastewater treatment plants (WTPs) has been studied to reduce capital and operating costs associated
with wistewater treatment. In this study, the environmental and economic feasibility ol 4 total wastewaler treatment network system
(TWTNS) meludime distributed and terminal WTPs was estimated using Tife eyvele assessment (LCA) and life cyele costing (LCC)
methods, Wastewiiter sources and existing distributed and termimal WTPs i an fron and steel plant were networked. The TWTNS was
eenerated from the optimal solution to a mathematical optimization model and compared to a conventional wastewater treatment
system (CWTS), The environmentul effect scores of the TWTNS were [rom 29.6% to 68.3% higher than those ol the CWTS because of
higher electricity consumption required to pump wastewater to the networked WTPs. However. the lile eyele cost of the TWTNS was
fower than that of the CWTS by 10019 because of the decrease of the labor cost resulting {rom the closing of three distributed WEPs,
Overall. the TWTNS wits no more cco-clficient than the CWTS because the increase of environmental burdens outweighed the deerense

of economic cosls,
(2007 Elsevier Ltd. All nights reserved.

Kevwords: Environmental and cconomic feasihility: Life cyele assessments Lile evele costing: Synthesie: Wastewuler trealment

1. Introduction

Wastewater treatment strategies required to elfectively
meet the dischurge permits of environmental regulations
have bheen important concerns in muny industries. The
synthesis of  distributed  wastewater treatment  plants
(WTPs) has been regarded as a way to reduce initial
capital investment and operating cosls in waslewater
treatment (Wung and Smith. 1994), This strategy focused
on minimizing the flowrate ol wastewater treated in
distribuied WTPs and maximizing the flowrate ol waste-
water bypassing distributed WTPs. with the guahty of the
finat efMuent mixed with the bypassed and treated waste-

waler streams. not exceeding the discharge limits ol

environmental regulations (Wang and Smith. 1994 Kuo
and Smith, 1997; Galan and Grossmann. 1998; Huang
et al, 1999: Mann and Liu. 1999: Hernundez-Suarez et al.,

*Cirresponding author. Tel: +82 342792275 [ax: + 82 54 2706299
Femitil oeledress imparko: pastech.ac kr (1M Park),

U477 % - see Frant matter ¢ 2007 Flsevier L Al rights reserved
don 1D 1016, | jenviman. 2007 03,022

2004). However. the environmental and economic feasi-
bility ol the distributed wastewater treatment network
svstems has not been estimated. even though there have
been inereasing concerns [or sustainable development and
cleaner production with the amm of conserving natural
resources and achieving economic growth,

Heuristicully graphical approaches to the optimal design
ol distributed wastewater treatment network systems have
been proposed as an extension of water pinch technology
(Wang and Smith. 1994; Kuo and Smith. 1007} A
minimum wastewater ireatment flowrate is obtained with
4 concentration composite curve, and the houristic design
methodology is used to generate and merge the indepen-
dent wastewaler treatment subnetworks used o remove
euch UOI‘.[[&U'I]]II].HIH ill wastewiatter streanis,

Mathematical optimzation related to supersiructure
models has also been applied (0 synthesize distributed
WTPs. Galan and Grossmann (1908) studied a seareh
procedure used o vield a global or near global optimum
solution on the basis of the suceessive solution of a relaxed
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Nomenclature

Sets

(& = {ele is a contaminant in wastewater}, ¢ =
1N

Ww = {ww/ww Is & wastewaler source;, ww =
1,2, ..., Nm

TP =lpitp s a distributed WTP}, 1p=
| S -
= ltpin/tpin is a distributed WTP}. tpin=
L RsinVn
— [tpout/tpout 18 a distributed WTP}.
et = 12, Nn

TTP = {tp|ttp is a terminal WTP]. tip=
], 2o s Nk
= {tipin/ttpin is a terminal WTP]. tipin =
1,2,.... Nk
= {upout ttpout is a terminal  WTP},
tipout = 1,2.... . Nk

Variables

Coupin  concentration at the inlet of a distributed WTP

Cepowt COncentration at the outlet of a distributed
WTP

Cenpin concentration at the inlet of a terminal WTP

Ceupou concentration at the outlet of a terminal WTP

Fpim  fowrate at the inlet of a distributed WTP

Fuaw tinin flowrate from a wastewater source (o the inlet
of a terminal WTP

Fipow flowrate at the outlet of a distributed WTP

Fipoupin flowrate from the outlet of a distributed |
WTP to the inlet ol a distributed WT'P

Fipouupin Nowrate from the outlet of a distributed
WTP to the inlet of a terminal WTP

Fupiw  Mowrate at the inlet of a terminal WTFP

Frpoudis flowrate at the outlet of a terminal WTP

Fywpin Nowrate from a wastewater source 1o the inlet
ol a distributed WTP

F‘[Pm total Aowrate of wastewater treated in the
distributed WTPs

PV present value

P payment

Parameters

Cly ow Maximum concentration at the outlet of a

terminal WTP

Cewyw  conceniration of a wastewalter source

¢ escalation rate

{?f‘l’l“ maximum fowrale al the inlet of a distributed
WTP

Fiiyh,  maximum flowrate at the inlet of a terminal
WTP

Flaw Nowrate ol a waslewater source

i interest rate

o maximum contaminant load of a distributed
WTP

Ly,  maximum contaminant load of a terminal WTP

Riap removal elficiency of a distributed WTP
Reip  removal efficiency of a terminal WTP

{ time J

linear model and an original nonconvex nonlinear pro-
blem. Huang et al. (1999) proposed a mathematical model
to determine the oplimal water use and (reatment network
with the lowest freshwater consumption rate and minimum
wastewater lreatment capacily. Hernandez-Suarez et al.
(2004) developed a superstructure decomposition and
parametric optimization approach to obtain a globally
oplimal network system. However, terminal WTPs have
been excluded in the synthesis ofthe distributed WTPs.

In this study, a terminal WTP was included in a
superstructure model used for the synthesis of existing
WTPs to reflect real wastewaler Lreatment situations. This
wis because the direct discharge of untrealed and diluted
wagtewater into sea or surface water. which has been
cmploved for the distributed wastewater treatment net-
work systems 1n the previous studies, is prohibited by
environmental regulations in South Korea, even though
the quality of a final cffluent meets discharge permits.
Therelore, a total wastewater treatment network system
(TWTNS) consisting of distributed and terminal WTPs
was cmployed in this study.

The concept of an eco-design has become more
important in many industries for sustainable development.
Eco-design is performed to enhance the environmental and
economic performances of systems. processes, products
and services. Life cycle assessment (LCA) and life cycle
costing (LCC) methods have been used to evaluate the
environmental and economic performance during the life
cycle (Friedrich, 2002; Gluch and Baumann, 2004
Carpentieri et al.. 2005: Spitzley et al., 2005).

The environmental and economic leasibility of the
TWTNS was estimated to determine whether the TWTNS
was in accordance with sustainable development and
cleaner production. Existing distributed and terminal
WTPs in an iron and steel industry were used to synthesize
the TWTNS in this study. The TWTNS was generated
[rom the optimal solution (e a mathematical optimization
model. A conventional wastewater (reatment system
(CWTS) was used as a control lor the estmation of
the environmental and cconomic [easibility of the
TWTNS. The CWTS did not include streams required to
bypass distributed WTPs and to dilute the contaminant
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concentration of wastewater. The two wastewaler treat-
ment systems were specifically designed. LCA and LCC
were performed to evaluate the environmental and
economic perlormances of the CWTS and TWTNS on
the basis of their design results,

2. Methods

Wagtewater sources and the existing distributed and
terminal WTPs in the iron and steel plant were used to
generate the TWTNS. Operational data and field informa-
tion, such as the flowrates and concentrations of the
wastewater sources. and the removal efficiency and
maximum capacily of the WTPs were examined for the
synthesis. Characteristics of the seven wastewater sources
are described in Table 1, and those of the seven distributed
and one terminal WTPs are shown in Table 2. The
wastewater sources were from steel making. iron making,
continuous casting. cold lorming, and electroplating
processes. The seven distributed WTPs were used to treat
the seven wastewater sources one-to-one. The terminal
WTP was used Lo polish the effluents of the seven
distributed WTPs, in order (o consistently meet discharge
limits. All the WTPs consisted of physical and chemical
Lreatment processes, such as coagulation, flocculation and
sedimentation. A distance matrix for interconnections
between the wastewater sources and sinks is shown in
Table 3. The distance included the length of pipes derived
from the elevations of distributed and terminal WTPs. The
discharge quality of the terminal WTP is set at 20 mg/L for

Fable |
Wastewater stream data used to svnthesize the distributed and terminal
WTPs

Flowrate (m*/h) Contaminant Concentration (mg/L)
WW1 56.8 CODy, 75
55 a7
F~ 109
WW2 7.0 coD,, 43
S5 1)
F 15
WW3 20,9 COD,, 54
S8 24
10
W4 2.0 COD,, 3
S8 2
S 5
WW3 10.3 COD,, 62
s8 10
B Y
WWo 187.5 COD,., 74
S8 T
I~ 10
WW7 Iz COD,, 3
S8 15
Tk 2

WW; wastewater, COD,, : chemical oxygen demand by dichromate, 8S:
suspended solid. F~ : (luoride 1on |

COD,.. 5mg/L for SS. and 8§ mg/L for ' (o consistently
meet the discharge limits of environmental regulations.

2.1 Wastewater treatment neiwork svnthesis

Fig. | shows the superstructure model used to generate
the TWTNS. This mode! included all possible interconnec-
tions: from the wastewater sources to the inlets of the
distributed and terminal WTPs and from the outlets of the
distributed WTPs (o their inlets and to the inlets of the
terminal WTPs. Effluents from the terminal WTPs were
discharged into sea or river. It was assumed that mixers
combined all possible streams into one stream and that
splitters divided a given stream mto all possible streams. It
was also assumed that there was no loss of wastewater in
the distributed and terminal WTPs, This was because the
difference between the losses in the TWTNS and CWTS is
negligible. even though the flowrates of their effluents
generally decrease.

The objective [unction used to optimize the TWTNS was
to minimize the total flowrate of wastewater treated in the
distributed WTPs, to reduce the number of the distributed
WTPs used and [ully utilize the superfluous capacily of the
distributed and terminal WTPs. The mathematical for-
mulation of the superstructure model is as follows:

For the objective function used for the TWTNS,

i Z Fipin (1)

tpineTl

Minimize

Subject to the followings:
For the overall mass balance of the TWTNS,

Z F\vw o Z an ontdis = 0. (2)
wweWW tp oweTTP
For the mass balances ol the wastewater source splitters,
F\\'u- o Z F“’W.IP in L ﬁ‘w\\'.llpin = (3)

IpinelP UpineTTP

For the mass balances of the distributed WTP inlet mixers,

Z Fw\\'.tp in T+ Z -Ftrj auLtpin
wwzWW tpoute TP

= Fipin = 0. (4)

E ;"ww.tpincc.ww t 2 Flp\:ul.l.r? in Cu,lpnut

wweWW ot P

== J!V1pn'| Cul.pin =0. (3)
For the mass balances of the distributed WTPs,
Fm'm _anui =0, (0]
Ftpin Cc.lp in{l = Rc.m] = Fl]) nuLCu.lpnut =0. (?]
For the mass balances of the distributed WTP outlet
splitters,
F!pmu - Z J'L_1|n:n.|1,1pu'1 == Z Flpmn_upin = (. ‘81

TP tpineTTrP
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Tuble 2
Operational und design data of the distributed and terminal WTPs
Pt gt (m ) Contaminant Removal ratio (%) L Loy (kefh)
TP 63 COD,, T2 3.3
S8 90 48
i 95 7.8
P2 1] COD,, 72 0.5
88 a0 0.3
e 935 1.0
TP3 30 COD,, 63 1.4
S8 S8 1.6
T 10 0.3
P4 3 COD,, 73 0.2
88 BS 0.1
32 16 0.1
TP |2 COD,. 75 0.8
S8 i 0.5
F~ G2 1.3
TP6 210 CoD,, 85 17.5
SS 86 10,7
F 12 2.2
P7 205 COD,, 80 7.3
SS 82 6.2
F 7 0.5
e 340 COD,, S0 B3
S8 93 18.2
B~ 20 3
TP: distributed WTP. TTP; terminal WTP.
Table 3
Distance matrix
TP1 TP TP3 TP4 TP3 TP7
TEZ 410
TP 1710 840
T4 6RO 820 1090
TES S50 680 2300 |47
TPAH 4310 4440 5150 4440 4170
TET 2140 2280 3300 2550 1870
TP 3470 3600 1900 2980 4060 S0
TP; distributed WTP, TTP: terminal WTP, unit: meter.
1 ;é/
Ww 1 == TPA = TTP1 Discharge 1

=
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Fig 1. Generalized superstructure model used to generate a total wastewaier treatment network system (TWTNSL (WW; wastewater, TP; distribuled

WTP. TTP: terminal WTP),
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For the mass balances of the terminal WTP inlet mixers.

Z Fl[.\ out.tipin + Z Fww.lmin . Fttp - i 0. [L}]

IpouteTr wiveWW

E Fln oul.lipim C-'G.Lnnul + E F‘\'w.tm m Cl:.wv\

ip out=TP wweWW

. Flm |J.1('C.1L1|J'II =:; (IU)
For the mass balances of the terminal WTPs,
FHp n = Fﬁp aut,dis = 0, (1 I]
Fiin Conginll—Renp) — Fiovu g Gl i sin="0. (12)

For the constraints of flowrates and loads on the

distributed and terminal WTPs,

Fipyin — F;‘r‘,”ﬁ,%‘l (13)
FipinCoipin — L'lg"]; <0, (14)
Fiapin — Fiipi < 0. (15)
FupinCeutpin — Lijin <0 (16)

For the constraint of concentrations on the discharge
quality of the terminal WTP required to consistently meet
the discharge limits of environmental regulations.

C...llp e (‘lmalx < U { ] 7]

cltpou =

The TWTNS was generaled from the optimal selution to
the above nonlinear programming (NLP) model. GAMS/
MINOS (GAMS Development Corporation, 2005) was
used as an NLP solver to obtain the optimum solution to
the mathematical optimization model. Linear program-
ming (LP) models generated by fixing the flowrates or
concentrations in the NLP model were used to determine
the initial points ol the NLP model. However, it should be
noted that even local solutions are useful in industrial
applications if they can achieve a significant reduction of
the total fiowrate ol wastewaler treated in distributed
WTPs. This is because global optima cannot easily be
obtained because of the nonconvexities derived from the
bilinear variables in the mass balances of contaminants.

2.2, Wastewater treatment system design

The TWTNS was designed from the optimal solution to
the mathematical optimization mode! so that LCA and
LCC could be performed. Because a contrel was required
to estimate the environmental and economic (easibility of
the TWTNS. the CWTS in the plant was revised on the
basis of the same design criteria and assumptions applied
to the TWTNS.

Pipe diameter and head loss were calculated simulta-
neously with a flowrate and a pipe length. The flowrate
data were oblained Irom the optimal solution to the
mathematical optimization model and operational data.

The pipe length was obtained [rom the distance mainy
among the wastewater sources, and the distributed and
terminal WTPs. The Darcy Weishach equation was used
to calculate the head loss (McGhee. 1991). The maximum
head loss criteria were used to select nominal pipe diameter
and were set at 200 and 20 kPa for pumping and gravity
flows, respectively. Note thal wastewaler in Lhe sireams
from the distributed WTPs Lo the terminal WTP was
transferred by gravity. and wastewater in the others by
pumps, Carbon steel was used as the pipe material. The
Korean Standard, KS D3507 (Korean Standards Informa-
tion Center. 2006). was used to obtain specific data. such as
nominal diameter. wall thickness and weight. The mini-
mum nominal pipe diameter was 0.0254m for the
simplicity of this design.

Pumps and electric motors were specified in detail in
relation to the flowrate and pressure requirement. The
discharge pressure of the pump was determined by adding
the head losses in the pipes to the pressure required for the
WTP, which was assumed to be 100 kPa.

The rates of chemicals consumption and sludge genera-
tion in the TWTNS were assumed (o be equal to those in
the CWTS. This was because the dosages of coagulants and
floceulants used and the quantity of sludge generated are
generally proportional to contaminant loads, which were
the same in the CWTS and TWTNS. In addition, it is
difficult to accurately estimate the amounts of chemicals
used and sludge generated beeause the propertics of
wastewater such as pH. alkalinity, and the types of
coagulants and flocculants have significant effects on the
dosage of coagulants and focculants and the quantity of
sludge generated. The concentrations of the final effluent in
the TWTNS were also assumed to be the same as those in
the CWTS. because of the same chemicals dosages and
contaminant loads.

2.3. Life cvele assessment

An LCA methodology was used to calculate and
compare the environmental burdens associated with the
CWTS and TWTNS. All environmental burdens gencmtcd
from mputs and ocuiputs throughout their life cycle were
considered by assessing the design results of the (wo
wastewater treatment systems. The LCA procedure was
performed in accordance with the SO 14040 series of
standards (1SO, 1997): goal and scope delinition, life cycle
mventory analysis (LCI). life cvele impact asgessment
(LCIA). and life cycle interpretation.

The goal and scope definition included the goal. system.
function. functional unit. relerence flow. system bound-
aries. allocation. data quality and assumptions. The goal of
this LCA was to estimate the environmental feasibility of
the TWTNS. The system and its function were defined us a
wastewater treatment system (TWTNS or CWTS) used to
consistently meet the discharge permits of the environ-
mental regulations. The functional unit was defined as the
wastewater treatment system used (o treat the seven
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wastewater sources shown in Table | during its life cycle
(15 years), and the reference flow was set to one unit of the
wastewater freatment system, The system boundaries
included all items in the wastewater treatment system, with
the exception of the existing distributed and terminal
WTPs and existing pump pits which could be neglected as a
baseline in the comparison of the TWTNS and CWTS.
However. the operations and maintenance (O&M) of
mechanical equipment (agitators, flocculators. and sludge
scrapers) in the distributed and terminal WTPs was
imcluded in the system boundaries of this LCA. This was
because some of the distributed WTPs and their mechan-
ical equipment were not used in the TWTNS as a resull of
the synthesis, The allocation was not required in this LCA.
The same data qualities were used for a comparative
assessment because most of the data were caleulated from
the same design criteria and assumptions. The service life
of the wastewater treatment systems was assumed to be 15
years with respect to the liletime of the pipes and
mechanical equipment.

A life cycle inventory analysis (LCl) was performed 1o
quantily all the inputs and outputs associated with each
wastewater treatment system throughout its construction.
operations and maintenance (O&M). and disposal stages.
The GaBi 4.0 (IKP and PE Europe GMBH, 2004) and
Feoinvent v!.2 (Swiss Center for Life Cycle Inventories.
2003) databases were used lor the LCL The inventory in
the construction stage included the manufacture of the
pipes, equipment (pumps and motors), as well as associated
transportation and piping works. The inventory in the
O&M stage imcluded the consumption of electricity for
pumping and wastewater treatment, and maintenance and
repair (M&R). Inpuls and outputs m the M&R were
assumed 1o be 3% of those in the construction stage taking
into account that an M&R cost can be assumed to be 3%
ol a construction cost (Peters and Timmerhaus, 1991), The
disposal stage included the recycling of steel. iron. and
copper.

A life eyele impuet assessment (LCLA) was performed to
evaluate the significance of potential environmental im-
pacts on the basis of the results of the LCI. The CML 2001
methodology (IKP and PE Europe GMBH. 2004) was used
for the classification and characterization to evaluate
environmental effect scores from all contributors in the
TWTNS and CWTS. Environmental impact categories
consist of abiotic depletion, acidification, eutrophication,
freshwater aquatic ecotoxicity. global warming, human
Loxicity, maring agquatic ecotoxicity, ozone layer depletion.
photochemical ozone creation, radioactive radiation, and
terrestrial ecotoxicity.

A life cycle interpretation was carried out to comprehen-
sively estimate the results of the preceding steps. In this
siage. the environmental feasibility of the synthesis of the
distributed and terminal WTPs was finally estimated by
comparing the environmental effect scores of the TWTNS
with those ol the CWTS. The overall environmental scores
of the CWTS were used as a control.

2.4. Life eyele costing

An LCC methodology was used to estimate the
economic feasibility of the TWTNS. A life cyele for the
LCC was divided into four catcgories; design and super-
vision. construction, O&M. and disposal. The design and
supervision stage consisted of basic and detailed designs
and supervision. The cost in the construction stage was
divided into costs for piping, equipment (pump and motor)
and construction expenses. as well as a conlractor’s
overhead and profits. The O&M cost included the costs
of electricity. labor. and M&R. The electricity cosl was
required for pumping, as well as wastewater treatment,
such as the operation of agitators, flocculators and sludge
scrapers. The labor cost consisted ol operaters’ wages. as
well as their expenses and overheads, The M&R cost was
assumed to be 3% of a construction cost (Peters and
Timmerhaus, 1991). The disposal stage consisted of pipe
decommissioning, scrap (iron. steel and copper) recyeling
and construction expenses, as well as a conlractor's
overhead and profits. The costs were estimated in detail
using databases containing price and cost inlormation
(Korea Price Information Corp., 2006a, b). The service life
of the LCC was set at 15 years, as in the LCA.

All the costs of the contributors classified above and the
life cycle cost of the TWTNS were compared to those of the
CWTS to estimate the economic feasibility ol the TWTNS.
Future costs were discounted to present values taking into
account the time value of money, and summed to obtain
the life cycle cost of each wastewater treatment Syslem.
O&M costs recur annually, and disposal costs are incurred
at the end of the service life. Accordingly, these costs
should be converted into present valucs in order for them
to be equally estimated and compared to an initial capital
investment cost (Peters and Timmerhaus. 1991: Glueh and
Baumann. 2004). The present valuc was estimated using the
following equation:

PV = P(l +¢) /(1 + ). (18)

To discount future costs, the interest rate was sel at 5.7%,
the yield of treasury bonds (5 years) over the last 10 years
in South Korea. and the escalation rate was assumed to be
the 3.0% targeted by the Bank ol Korea lor the period
between 2004 and 2006 (Korea National Statistical Office,
2006: The Bank of Korea, 2006).

3. Results and discussion

The CWTS used as a control to evaluate the environ-
mental and  economic feasibility of the TWTNS is
illustrated in Fig. 2a. The TWTNS shown in Fig. 2bh was
generated [rom the optimal solution to the mathematical
optimization model reflecting the superstructure model
shown in Fig. 1. The three distributed WTPs (TP2, TP3.
TP4) were not used in the TWTNS, becausc the capacitics
of the other distributed WTPs were sufficient to treat
wastewater from other sources. and a portion of
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464. @ 464.5

1464.5 @ 484 5

Fig. 2. Comparison of the wastewaler treatment systems: (1) conventional wastewater treatment systent (CWTS): (b) total wastewater treatment network
system (TWTNSL (WW: wastewater. TP: distributed WTP, TTP: terminal WTP),

wastewater (WW7) not treated in the distributed WTPs
was bypassed to the terminal WTP. This was attributed to
the decrease ol wastewater generation rates in the waste-
water sources as a result of the considerable effort which
had already been made to reduce water consumption rates
in the plant: water reuse. recycling and recirculation. In
other words. the present wastewater generation rates in the
waslewaler sources were less than the design capacities of
the existing WTPs. The operators in the iron and steel plant
were in charge of the integrated operations ol production
processes and the distributed WTP. allowing them to
directly cope with the variations of the flowrate and
concentrations of wastewater depending on the operations
of production processes. Therefore, the closing of the three
distributed WTPs would allow the operators to concentrate

on the production processes and enhance their productiv-
ity. besides reducing the labor cost. The interconnections
diluting the influents of the distributed WTPs with their
effluents were not generated through the synthesis. beeause
of the objective function used to minimize the total
fowrate of wastewater treated in the distributed WTPs,
Tradeoffs among the items were incurred as a result of
the synthesis of the distributed and terminal WTPs. as
summarized in Table 4. The total wastewaler Howrate
treated in the distributed WTPs of the TWTNS was 29.1%
lower than that of the CWTS because the objective
function drove a portion of the wastewater to bypass the
distributed WTP. The total length of pipes in the TWTNS
was 60.0% greater than that in the CWTS because of the
interconnections lor the networking in the TWTNS.
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Table 4
Summury of the design resulis of the conventional wastewater treatment system (CWTS) and Lotal wastewater [reatmenlt network system (TWTNS)
Tten Init CWTS TWTNS
Pipe Length m 28510 45,630
Weight kg 1,504,182 1.572.751
Pump Weight ke 603 Al
Mator Weight ke 659 84
LUtility consumption Eleciricily (pumping) kW 45.0 96.2
Electricity (wastewater treatment) kW 17.1 (5.7
Total wastewater flowrate Distributed WTPs m’/h 464.5 329.3
Terminal WTP m'/h 464.5 404.5

However, it should be noted that the total weight ol pipes
in the TWTNS was just 4.6% greater than that mn the
CWTS, because the three streams by gravity requiring the
larger diameter of pipes were removed in the TWTNS. The
total weight of pumps and motors in the TWTNS were
2.2% and 3.8% greater than those in the CWTS.
respectively, and the electrieily consumption for pumping
in the TWTNS was 100.4% greater than that in the CWTS.
This was because the increase of the pipe length in the
TWTNS required the higher power capacity of pumps to
transfer wastewater to distributed WTPs networked.
However, the electricity consumption for wastewater
treatment in the TWTNS was just 8.2% less than that in
the CWTS. because of the closing of the three distributed
WTPs. This small difference was because the mixing power
of agitators and flocculators is related to the volume of
coagulation and flocculation basins but not to the flowrate
of wastewater.

Tradeoffs among the environmental effect scores of the
contributors to the environmental burdens were incurred in
the synthesis of the distributed and terminal WTPs. as
shown in Table 5. The clectricity consumption for pumping
was a principal contributor to the environmental burdens
of the CWTS and TWTNS. The proportions of the effect
scores from the electricity consumption for pumping to the
total effect scores summed over the life cycle were from
32.8% to 69.6% lor the CWTS and from 44.2% to 82.9%
for the TWTNS, The effect scores of the electricity
consumption for pumping in the TWTNS were 100.4%
higher than those in the CWTS. The effect scores of
electricity consumption for wastewater treatment in the
TWTNS were 8.2% lower than those in the CWTS.
Most of the effect scores ol the other contributors
in the TWTNS were higher than those in the CWTS,
It should be noted that the decrease of the elfect scores of
the clectricity consumption [or wastewater (reatment
caused the inerease of effect scores of the other contribu-
tors as a result of the synthesis of' the distributed and
terminal WTPs.

Most of environmental burdens were incurred in the
O&M stage. which was in-accordance with the fact that the
clectricity consumption for pumping was a principal
contributor to environmental burdens. The proportions
of the effect scores in the O&M stage to the total effect

scores summed over the lile cycle were from 34.7% to
96.1% for the CWTS and from 38.7% 1o 97.5% for the
TWTNS. The total effect scores in each life cycle stage in
the TWTNS were higher than those in the CWTS, as
shown in Table 5.

The environmental burdens [rom the TWTNS through-
oul the life cycle were greater than those from the CWTS.
Table 5 shows that the total ellect scores throughout the
life cycle in the TWTNS were from 29.6% to 68.3% higher
than those in the CWTS. Therelore, the TWTNS was not
more environmentally [riendly than the CWTS. This was
because the decrease of the environmental mpacts [rom
the electricity consumption for wastewater treatment did
not outweigh the increase of the environmental burdens
from the other contributors in the TWTNS.

Tradeoffs among the economic costs ol the contributors
to the life cycle cost occurred in the synthesis of the
distributed and terminal WTPs. Fig. 3 shows the results of
the cost estimation in the construction stage. All the costs
of the contributors in the TWTNS were higher than those
in CWTS. The piping cost was a principal contributor in
the construction stage because the proportions of the
piping cosls o the construction costs were 60.0% lor Lthe
CWTS and 65.9% for the TWTNS. Fig. 4 shows the result
of the cost estimation carried out on an annual basis in the
O&M stage. The labor cost in the TWTNS was 29.0%
lower than that in the CWTS because of the closing of the
three distributed WTPs. The electricity cost for pumping in
the TWTNS was 100.7% higher than that in the CWTS.
while the electricity cost for wastewater treatment in the
TWTNS was 8.2% lower than that in the CWTS. The
M&R cost in the TWTNS was 5.3% higher than that in the
CWTS, which was in accordance with the results of
the piping and equipment costs. 1l should be noted that
the decrease of the labor cost outweighed the inereases of
the electricity cost for pumping and the M&R cost i the
O&M stage. The high proportion of the labor cost in the
O&M cost was becausc all the WTPs were operated in four
shifts. Fig. 5 shows all the costs incurred in the disposal
stage. The pipe decommissioning cost was a principal
contributor to the disposal cost. The results of the cost
¢stimation in the disposal stage were in accordance with
those in the construction stage. Higher revenuc was
obtained in the TWTNS (rom the recyeling of eopper.
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Fig. 3. Cost estimation ol all the contributars in the construction stage (CWTS: conventional wastewater teeatment systent, TWTNS: tafa] wastewater
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Fig. 5. Cost estimution ol all the contributors i the disposal stage (CWTSE conventional wastewnter treatment system. TWTNS: 1otal wastewater

treatment network system)

cteel and iron serap derived from the disposal ol the pipes
and cguipment.

The synthesis of the distributed and terminal WTPs
resulted m the reduction of the total life cvele cost
threughout the life cycle. Fig. 6 shows the results ol the

cost estimation in each life cycle stage and the life eycle
costs, The costs of the design and supervision. construetion
and disposal in the TWTNS were from 5.2% 1o 34%
higher than those in the CWTS, while the O&M cost in the
TWTNS was 19.7% lower than thal in the CWTS. The
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Fig, 6, Cost estimation of cach lile evele stge and the Hie eyvele cost, Future costs were discounted 1o present valies (CWTS: conventional wastewuter

freatment system. TWTNS: toral wastewater treatment network svstem),

propuortions of the O&M cost to the life cvele costs were
61.5% for the CWTS and 55.0% for the TWTNS and were
greatest among the costs in the life cvele stages. The life
cycle cost in TWTNS was 10.1% lower than that in the
CWTS. This was because the deerease of the O&M cost
outwelghed the incredse ol the costs in the other life evele
stuges, Therefore, the TWTNS was more economically
friendly than the CWTS.

4. Conclusions

The environmental and economic [easibility ol the
TWTNS was estimated using the LCA and LCC methods.
The TWTNS was not more environmentally friendly than
the CWTS. but was more economically tiendly. When the
ratios ol the total environmental effect scores and
ceonomic costs throughout the hile cyele in the TWTNS
Lo those in the CWTS were equally compared. it turned out
that the TWTNS wus not eco-efficient from the viewpoint
ol coo-design. which is Lo comprehensively enhance
environmental and economic performance. This was
because the drawback i the environmental performance
of the TWTNS overrode the enhancement of its economic
perlbrmance.

In many industreal plants, wastewater generation rates
have been decreased by the increasing efforts to reduce the
consumption of freshwater: water reuse. recycling and
recirculation. Conscquently. many WTPs have been treat-
ing lower wastewater flowrates than their design capacities.
Lherefore. opportunities for the synthesis ol existing
distributed and terminal WTPs have been increasing. The
methods and recults of this environmental and economic
lcasibility study are expected to play important roles in the
L{ecfs:iun—muking process used 1o delermine whether to

mmplement a4 TWTNS.
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