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\bstract

The modification of soil composition in the urbanized area of Ankara due to wet-dry deposition and pollution-derived particles from
he atmosphere is investigated by analyzing 120 surface soil samples, collected from the urbanized area and its un-urbanized surrounding,
or major, minor and trace elements. Concentrations of elements from human activity (c.g. Cd, Pb. Cr, Zn, Cu and Ca) in the urbanized
irea were higher than their corresponding concentrations in global average soil and soil in un-urbanized areas outside the urbanized arca.
victal contents in soil were very high in densely populated districts and around some industrial facilities. The only exception was Ph
listribution. which was more dispersed. due to the nature of motor vehicle emissions. Alteration of the Cd. Zn. Cuand Cr content of soil
vas confined to the inhabited and industrial areas. whereas enrichment factors of these elements were close to unity in the remaining
itudy area. Factor analysis identified lwo polluted soil fuctor associations, One factor includes elements, such as Zn and Cd, which had
iigh factor scores in inhabited arcas and the other factor (high loading of Pb) represents soil polluted by motor vehicle emissions.

"1 2007 Elsevier Ltd. All rights reserved.

Cepivores: Urban soil pollution: Metal deposition: Atmospheric aerosols: Factor analysis

[. Introduction

Heavy metals in soil originate either from weathering ol

yarent material and/or [rom numerous external contam-
nating sources (Fergusson and Kim, 1991). Tn unpolluted
egions, parent materials are the primary source of trace
dements, Human activities. such as non-peint source
wariculture activities. release of emissions from nearby
yoint sources such as smelters. and traffic may also affect
he chemical composition of soil (Davies and Wixson.
[987: Majdi and Persson. 1989: Haktanir et al.. 1995). In
whban arcas, deposition of pollutants emitted to the
itmosphere from point sources such as residential heating,
ndustrial facilities and mobile sources such as traffic are
he primary sources of soil pollution.

Trace elements are excellent indicators of the natural
cariability in soil composition (Huisman et al., 1997;
Richard et al., 19099: Blager et al.. 2000; Jeffrey and
Judson. 2001). toxicology. exposure and health risks

*Corresponding author, Tel: + 9021288908 10: fax: + 90212 8890906.
E-maif aufdress! onlaghaw fatheduir (0. Alagha).
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associated with soil pollution (Tristan et al.. 2000; Welp
and Brummer, 1997), the effect of individual sources on
soil composition (Landsberger et al.. 1999: Hajdu and
Licsko. 1999: Jensen et al.. 2000; Sutherland et al.. 2000)
and the potential of organisms to be used as bioindicators
of soil pollution (Palmer et al.. 1998; Marc et al.. 1999:
Sandaa et al., 1999; Watmough. 1999).

Sources contribuling (o soil pollution in an urban/
industrial area should be better known in order Lo control
and minimize their effects on soil composition. How-
ever, the assessment of the contribution from numerous
sources in a large metropolitan area can be a complex
task. Multivariate statistical techniques. such as factor
analysis (FA), are powerful tools to segregate sources
contributing to observed pollution. These techniques
have been used both to differentiate between different
natural sources that cause variations in seil composition
(Carrasco et al.. 1991; Chen et al., 1991; Giiveng et al,,
2003: Atgm et al.. 2000) and to identify pollution sources
affecting the metal content of soil (Davies and Wixson,
1987: Xhoffer et al.. 1991; Dudka. 1992; Sweet et al., 1993:
Davies 1997).
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Pollution maps. which are produced by interpolating
measured concentrations of pollutants, may also provide
information on the relative contributions of different
sources affecting soil composition (Huamain et al.. 1999;
Bloemen et al.. 1995: Frangi and Richard, 1997; Weiss
et al., 1994: Atgin et al, 2000; Gliveng et al., 2003).

Although the chemical composition of soil is affected by
air pollutants through deposition of air-borne particles, the
composition of atmospheric particles is also affected by
soil, because re-suspended soil particles are an important
component ol aerosols, particularly in arid regions or in
areas with high density of non-paved roads.

In this study, modification of the elemental composition
ol soil in the city of Ankara due to deposition of pollution-
derived aerosols over many years is discussed. The starting
point of the study was the absolute principal component
analysis (APCA) performed on atmospheric aerosols in
Ankara in 1993 by Yautn (1994) and Yatm et al. (2000).
One of the aerosol components determined by FA included
both lithophilic and anthropogenic elements, and was
classificd as polluted surface soil. The high portion of
system variance explained by this soil factor suggests that
surface soil composition in Ankara may have been
significantly modified by deposition of pollution-derived
particles from the atmosphere over the years.

Ankara, the capital of Turkey with a population of 4
million. sulfered from severe air pollution until 1990. Air
quality improved considerably after 1990 owing to the shift
from coal to natural gas combustion for residential
heating, Prior to 1990, the main source ol air pollution in
the city was the emissions from residential heating units.
Residential heating units apparently are no longer a main
source of pollution because of the switch to natural gas.
The contribution from industry is not significant, because
Ankara is the center of government in Turkey. and
industrial activity is fairly limited. Emissions from indivi-
dual heating units from at least half a million households
when coupled with a very low wind speed (annual average
2ms !, Yatn et al., 2000) resulted in elevated concentra-
tions of gaseous and particulate pollutants in the atmo-
sphere. Deposition of combustion particles containing
anthropogenic elements which have low background
concentrations in soil can significantly alter the elementul
composition of the soil.

2. Experimental
2.1. Sampling

Soil samples were collected from an area of ~150 km?,
which includes all inhabited and industrial parts of
Ankara. but also extends to un-urbanized areas around
the city. The study area was divided into | x | km cells and
120 soil samples were collected from every grid intersec-
tion, The sample peints, distribution ol population
(DIE, 1999) and important industrial facilities are shown
in Fig. 1.

0.0 Yay et al | Journal of Environmenial Management 86 (2008 5381594

Five soil sub-samples were collected at each grid node
from the top 5em, and stored in acid-washed polyethylene
bags. One of the saumples was collected from the intersec-
tion point and the remaining four were collected from the
four quadrants up to radius of 100m from the central
sampling point.

A composite sample was made in the laboratory by
mixing. and thoroughly homogenizing equal amounts of
the five sub-samples. If unusual concentrations ol clements
were observed in any of the homogenized samples. each of
the five sub-samples callected from that sampling site was
reanalyzed separately to ensure that the observed concen-
tration was a common feature in the 100m> area and not
due to local contamination at one ol the five sampling
points,

To give an idea about the main compositions ol the soil
types of the study area. a study carried out by Elkarim and
Usta (2000) on uncultivated land in the Polath area, 70 km
from Ankara. was referred to. This area lics within the
boundary area of Ankara province and its soil 1s
representative ol the study area’s soil. Consequently, the
Polatli arca soil can be used for comparison and uselul to
the current study, The soil composition was reported as:
clay 36.3+1.50%, silt 39.34+2.30%, sand 24.3+2.31%, pH
7514051, CaCOy 10.046.20%. soil organic matter
[.2840.33% and Ammonia-N 3.57+2.85ppm (Elkarim
and Usta. 2000).

2.2, Sample preparation

In the laboratory. large items in the soil. such as grass.
pieces of wood. ete., were sieved oul using a 2mm Ssicve,
and subsequently dried in a thermostatically controlled
oven at 607°C for 48h. No loss of low volatile element
metals (e.g. Hg As. Se and Sb) was observed when drying
was preformed at 30 and 60 “C. The percentage recovery of
the analyzed elements in SRM materials is given in Section
3.1 in the Results and Discussion. Dried samples were
ground using an agate mortar. equual amounts of sub-
samples collected at each grid node (100 g) were mixed and
the composite sample was homogenized using a RECHT
agate homogenizer.

Fifty mg of each soil-homogenized sample was digested
with 4ml of HNO; and 1.3ml HF for ~90 min at 150"C
using PARR, Model 4746 high-pressure decomposition
vessels. After digestion, HF was evaporated by placing the
sample in the Teflon vessel on a hot plate at 80 °C. The
vessel was left under a [ume hood until about 1 ml of the
sample remained. and the residue was diluted to 50 ml. The
HNO; used in the digestion was produced by sub-boiling-
distillation of Merck laboratory grade acid, and the HF
used was Merck Ultra-pure grade. Water used in dilution
and washing had 17 MQ resistance and was produced by
deionization ol double-distilled tap water.

A lotal of 120 digested soil samples were analyzed for 13
major, minor and trace elements, including Al. Ca, Cr, Cu,
Fe, Mg, Mn, Zn, Na, K, Pb, Ni and Cd by atomic
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Fig. 1. Sample points, distribution ol population and important industrial facilities in the study arca.

absorption spectrometry (AAS) using a Perkin-Elmer
Maodel 1100B spectrophotometer, and a Perkin-Elmer
Model HGA 700 electrothermal atomization unit.

In addition to the AAS technique and for comparison
purposes, 200mg portions of 10 soil samples were also
analyzed in parallel by instrumental neutron activation
analysis (INAA) lor 40 elements. These elements included:
Na, Mg, Al. Cl, K. Sc, Ti, V. Cr, Mn. Fe, Co. Zn, Ga, As,
Se. Br. Rb. Sr. Mo. Cd, In, Sh, Cs, Ba, La. Ce, Nd, Sm. Eu.
Gd, Tbh, Dv. Yb, Lu, Hf. Au, Hg. Th and U. The
procedures are described by Olmez. 1989. The sample
number for the INAA was not large enough for statistical
analysis as in the case of the AAS. but it was useful for
method comparison and information about the levels of
pther trace metals which were not possible to analyze with
AAS. Brielly, samples were irradiated twice at the
Masgachugetts Institute of Technology with a 4.9MW
MITR-II Rescarch Reactor at a thermal neutron flux of
85 10 nem™2s7!. The gamma ray spectrum, after each
irradiation. was collected using CANBERRA HPGe
detectors, and analyzed by CANBERRA NDY00 Genie

System software.

Laboratory blanks were routinely prepared and analyzed
(one blank for every 3 samples) to monitor the possibility
of sample contamination during digestion and subsequent
analysis. Accuracy of the AAS measurements was checked
by regular analysis of standard reference materials NIST,
SRM 1646 (Estuarine sediment) and SRM-2704 (Buffolo
River Sediment). Methods of standard additions were used
in all AAS analysis.

The percentage recovery of the analyzed elements in
SRM materials spanned between 96.9% for Zn and
111.1% for Ca. Typical values found were as follows: Al
08.7%. Ca: 111.1%. Cd: 97.1%. Cr: 103.1%. Cu: 99.6%.
Fe: 101.4%, K: 99.3%, Mg: 100.8%. Na: 101.3%. Nk
106.5%, and Zn: 96.9%.

The percentage of blank contribution to the average
concentration of the measured elements was cvaluated
and it was found to be: Al: 0.39%. Ca: 1.48%., Cd: 0.29%,.
Cr; 7.85%. Cu: 11.6%. Fe: 0.29%. K: 0.82%, Mg: 0.63%,
Na: 3.78%. Ni: 1.02%. and Zn; 8:97%. It was found
that there was no significant contribution from
blank values to the measured concentrations in AAS
analysis.
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3. Results and discussion
2L Concentrations of measured parameters

Averages with standard deviations and median concen-
trations of elements in Ankara surface soil are given in
Table 1. The chi-square test showed that the concentrations
of AlL K, Mg, Fe, Na and Ni followed a Gaussian
distribution. and Ca. Cr, Cu. Mn, Zn. Pb and Cd followed
@ lognormal distribution. Hence, the central tendancy of
sample’s coneentration data should be described by the
arithmetic mean or median. Elements analyzed only by
INAA were not included in the chi-square test. as they were
measured only on 10% of the samples.

Average element concentrations in Ankara soil are
compared with corresponding concentrations in global
average soil (Mason, [966) in Fig. 2. Concentrations of Al
Ba. Ca. Ce, Cl, Co, Cr. Dy, Eu, Fe, Hf, K., La, Lu, Mg,
Mn. Na, Nd, Ni. Rb, Sc, Sm, Sr, Th, Th. Ti, V and Yb in
Ankara soil are approximately identical to global average
soil. However. Se. In, Hg. Sb. Cd. Mo, Br, As. Zn. Au, Cu
and Pb concentrations in Ankara surface soil were
significantly higher than their corresponding concentra-
tions in global average soil. Tt should be noted that this
group of chalcophilic elements is associated with anthro-
pogenic aerosols in the atmosphere and have fairly low
concentrations in soil. Consequently, deposition of aerial
pollution-derived particles over the years could alter their
concentrations in surface soil. Although conceptually
attractive. atmospheric deposition of anthropogenic parti-
cles mav not be the only reason for the observed
concentration differences between local and average soils,
because such differences can also be explained by natural
sources. such as a unique mineralogy in different parts of
the study area.

To test this possibility. concentrations of eclements
measured in heavily polluted parts of the city were
compared with corresponding concentrations in suburbs,
where population is scarce and air pollution is low, If the
observed differences are due to mineralogy. the high
concentrations observed in Ankara soil should be fairly
uniform throughout the study area.

Average concentrations of elements at urban and un-
urbanized sampling stations are given in Table 2. Un-
urbanized data were estimated by averaging data from 14
sites, which are located at the outskirts of the study area.
Urban average data, on the other hand, were calculated
from 9 sites, which are located in the most heavily
populated districts ol the city center around Kizilay area.

Concentrations of Cd, Pb, Cr. Zn. Cu and Ca were
higher by a factor of 1.9-3.7 in urban stations, suggesting
that the observed differences were not due to a local
geologic condition. Concentrations of Mn. K. Ni. Na. Al
Mg and Fe, on the other hand. were comparable in both
un-urbanized and urban parts of the study area with a ratio
close to 1.0. The (-test applied to Cd, Pb, Cr, Zn, Cu and
Ca showed that the differences are significant at the 95%

Tuble 1
Arithmetic mean, RSD and median concentrations of elements in Ankary
sotl (pg g h

Elements Mean+5D Median Mean/ Median
Au 0047 £ 0.059 0.02 .83
g 0.1T0.21 0.00 .89
Lu B2RE0.15 .32 152
Fu 0714016 0.7 0.94
Th 0.56+0.43 0.4 §.39
Cd 0,58 +0.67 041 1.14
Yh 1.54:0.87 1.7 0.93
Sh T4 16 1.2 (Rt
Dy 35+15 38 1.35
Sm 34417 3.6 1.09
n |.8+3.7 0,17 J 12
HF 37422 4.0 087
Th 70133 7.0 122
Mo S2ER2 30 385
Se AT 5 1.92
Co 103 12 115
Se 6.7+7.8 2.8 1.00
As [3+18 7.1 V]
Lu 25413 % 106
Nd 35+33 23 1.07
Ce 46+25 49 .99
Br 26+52 31 .06
Rh 58444 51 L5
b 74434 50 1.83
Ni Te+43 71 (1L.8Y
Cr 1004100 74 1.52
Cl 190+ 94 175 0.94
Zn 200+ 180 179 #.39
Bu 460+ 160 530 1.14
Sr 4504320 70 0,93
Ph 158+617 4] 1.10
Cu 250 +680 130 1.35
Mn TT0 =460 a7l 1.09
Ti 2,800+ 1,600 2.800 1.12
Na 8,700 44,500 8.200 087
Mg 15,000 4 38,00 14,100 .22
K 13,0004 11,000 12,100 383
Al S7T.000-+13.000 37.300 1.92
Fe R7.900-+ 35,000 83,000 |.15
Ca 66.900 4 60,600 58,000 1.00

confidence level. This test was nol applied to the remaining
elements, because of the insufficient number of samples
which were analyzed by INAA,

Concentrations of elements that have anthropogenic
sources in soil are expected to be highly variable from one
sampling point to another. because their concentrations in
the study area depend on the distances between sampling
points and pollution sources, Owing te such a strong
variability in their concentrations, these elements should
have high relative standard deviations, skewed [requency
distributions and high arithmetic mean-to-median ratios.
Standard deviations (SD) and average-to-median ratios ol
elements are displayed in Fig. 3. The elements Au, Mo, Cd,
Se., Br, Pb. Hg, Cr, Zn, Cu Ca. In; Sb and As have the
highest SD’s and average-to-median ratios as expected, and
the chi-square test has shown that they are lognormally
distributed within 93% confidence.
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Fig. 2. Comparison of average concentrations of measured elements in Ankara soil and global average soil.

Table 2
Average concentrations ol elements at un-urbanized and urban heavily
contaminaled sites

Element Un-urbanized Urban average Urban/un-

average (pgg ') (nge " urbanized
ratio

Al 63,500+ 11,600 63,6004 12,400 1.0

Ca AR.000 +65.000 120.000-£ 122.000 25

Cd 1LE6 0,21 2. 15F1.53 1.9

Cr BT 4359 284+ 403 33

Cu 36417 Q8 +ThH 2.

Fe 90,200 422,700 #8004 18.900 1.0

K 11400 -+ 7,000 13.20043.200 1.2

Mo 13,600 -+4,500 13,2004 3,300 1.0

Mun 773 329 1,10041,300 1.4

Ni R.700 44,400 £.90043.600 1.0

Ni 71449 81449 1.1

b 3182 189434 3.7

n 63428 81138 2.8

The remaining elements, Lu. Mn, Eu. Yb, Sc, Th, V. K,
Ni, Sm. Na. Al, Nd, Mg, Fe, Ba. Ce, T1 and La have low
SDs indicating that their concentrations were fairly uni-
form throughout the city. They have similar arithmetic
mean and median concentrations and all follow the
Gaussian distribution within the 95% confidence level.

Higher concentrations of Se, In, Hg, 8b, Cd. Mo, Br. As,
Cr. Ca, Cu. Zn. Au and Pb in the urban data set compared
to average global soil and their high coefficients of
variation imply that these elements are enriched in Ankara
surface soil due to aerial deposition of anthropogenic
particles over the years.

3.2, Spatiaf distribution of pollution

The spatial distribution of element concentrations is a
useful visual aid to assess the possible sources of

enrichment. If elements are enriched in surface soil due to
deposition of pollution aerosols from residential heating,
their distribution should follow the trend of population
distribution in Ankara. However. if they are enriched due
to emissions from industrial sources. their concentrations
are expected to be high around those point sources.

Distributions of elemental concentrations were prepared
by interpolating data from 120 sampling points. using
Maplnfo software (1998). Distribution maps were plotted
only for elements analyzed by AAS, because the INAA
data were insufficient for inlerpolation.

Distribution patterns of lithophilic e¢lements were sig-
nificantly different from those of elements related to
anthropogenic activities. The distribution of Al (Fig. 4), a
typical lithophile, was similar to Mn, V., K. Ni. Na. Mg and
Fe. For this group. concentrations were fairly uniformly
distributed. and different rock types can explain small
variations within the study area. Furthermore. small RSD
values and low average-to-median ratios indicate the
uniformity of distribution of these clements.

Distributions ol elements alfected by pollution show
more relevant spatial patterns. General features in the
distribution of pollution-derived ¢lements are given in Fig.
5 for €d and Cr. Similar patterns were observed For Cu and
Zn.

The distributions ol anthropogenic elements have some
common features. Their concentrations were high in
heavily populated districts of the eity, such as Dikmen,
Kizilay and Emek (see Fig. 1) and [airly low at areas with
low population density. This suggests that emissions [rom
residential heating were the dominant source for the
enrichment ol these elements in surface soil. These findings
agree with the results of previous aerosol and precipitation
studies in Ankara where residential heating was also
proposed as the primary source of anthropogenic elements
in the Ankara atmosphere (Kaya and Tuncel, 1997; Yatin
et al., 2000).
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In addition (o these (eatures, which were obseryved for all
pollution-derived elements, two hot spots were identified
where concentrations of most of the anthropogenic
elements were high. These two spots cannot be related to
population, because they are located at sparsely populated
parts of the urbanized area. One of these points is located
al the northwest part of Ankara. around a large sugar plant
industrial site. The other is at the Ostim Organized
Industrial Area. which has many small-scale industrial
sites. Obviously, deposition of particles emitted from
mdustries causes elevated concentrations of pollution-
derived elements in the seil, but their influence is limited
to areas in the immediate vicinity of these facilities.

Distribution of Pb is given in Fig. 4. Unlike the
distribution of other pollution-derived elements. high Pb
concentrations (compared to suburban sites) were observed
in a large part of the study area. Generally. the distribution
of high Pb concentrations trends to follow routes ol motor
vehicle emissions in densely populated areas (Fig. 1).
Furthermore, the high Pb concentration was located near
the high traffic main roads crossing Ankara city.

3.3. Crustal envichment factors

Although distribution patterns are useful in determining
the variability of human influence on soil composition,
they do not provide information on the extent of
perturbation. Crustal enrichment factors (EF,) of elements
were caleulated using simple spread sheet caleulations
using the equation given below. The following relation is a
good indicator of the extent of soil modification.

EFL‘ = (C.\/C;\ljgamplu/( C.X/C.M)a\fu.mgp s0ils

where (C/ Capdsampie 18 the ratio of the concentration of a test
element to that of Al and (Cy/ Cap)yveraee soit 18 the same ratio
with respect to a reference soil. Mason’s (1966) global
average soil was used as a reference soil. and Al was used as
the crustal reference element in EF. calculations because it 1s
one of the largest components of soil and because of the ease
ol determination of this elemenl. so, the modification of Al
concentration in soil by other anthropogenic sources i$
difficult. Caleulated EF.'s of elements were then converted
1o soil modification maps by interpolation, using Map Info
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Fig. 4. Distribution of Al and Pb concentration in Ankara soil.

geographic information system software version 4.1. Mod-
ification of soil composition is assufiied significant when the
EF. value of an element is > 10.0. Smaller enrichments can
be due to differences between the compositions of the local
soil and the reference soil used in these ealculations.

For Cd (as well as Cu and Zn. which are not shown in
Fig. 6), the EF's are less than 5.0, which indicates that the
soil’s composition is not significantly altered by anthro-
pogenic sources in most of the study area. However. fairly
high enrichment factors (as high as 50) were observed in
densely populated districts of the city (Emek and cement
factory), indicating that soil composition has been sig-
nificantly altered by atmospheric deposition in these
regions.

Although the Pb content of the soil has also been
modified in populated areas and around industries,
high Pb EF.s cover a fairly large part of the study
area. suggesting extensive soil modification even al
unpopulated locations, while no direct link with population
density is apparent. Results are displayed in Fig. 6 for
Pb and Cd.

The extent of soil modification was also investigated by
comparing measured concentrations of elements with
predefined pollution classes. There are no well-defined
limits to differentiate between clean and polluted soil.
Existing criteria are developed [or pollutant emissions
at a small area where pollutants have gradually accumu-
lated in soil by deposition from the atmosphere. We have
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Fig. 5. Distribution of €d and Cr concentrations in Ankara soil,

developed our own criteria (Table 3). using data from the
literature [or polluted and elean soils.

Results
elements with the limits given in Table 3 are similar to
the conclusions reached regarding EF, distributions. For
the elements Cd. Zn. Cu and Cr. soil in most parts of the
study area was unpolluted. but soil was “polluted™ or
“heavily polluted™ in districts with' high population
densities and in areas close to the organized industrial
district.

Classification of soil for Pb pollution was different. Soil
in a large part of the study area was classified as “polluted™
by Pb. Soil was strongly polluted in settlement areas and
around major highways.

obtained by comparing concentrations of

3.4, Relation between aerosol and soil composition

Detection of a soil contribution in atmospheric aerosols
in Ankara, which were enriched with pollution-derived
elements, was the starting point of this study (Yaun. 1994;
Yatin et al, 2000). Since now it is clear that the
composition of surface soil in Ankara has been modified
by deposition of anthropogenic particles from the atmo-
sphere. the crustal enrichment factors (EF,) calenlated by
Yatn (1994) using Mason's (1966) average soil composi-
tion probably overestimate enrichments of chalcophilic
elements in the atmosphere.

Enrichment lactors of elements were recalculated using
both local soil and Mason’s (1966) average crustal material
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Fig. 6. Distribution of enrichment factors of Pb and Cd.

as a reference. Results for both coarse and fine aerosol
fractions collected and analyzed by Yatin (1994) are shown
in Fig. 8. Crustal enrichment factors of the elements Cd.
Zn. Hg, As, Se. Br and Sb were clearly overestimated n
both coarse and fine fractions i the previous studies
(Yatin, 1994: Yatin et al.. 2000), where Mason’s (1966)
average soil was used as a reference. This group ol elements
15 highly enriched in fine fraction aerosols even when local
soil composition is used in the calculations. thus suggesting
that the observed enrichment of elements in the fine agrosol
fraction ig primarily due to pollution-derived particles in
the atmosphere as suggested by Yaun (1994). However,
Cd, Zn, As. Se und Sb are not significantly enriched in
coarse fraction aerosols when local soil composition is used
in Lthe EF, calculations. Obviously, the observed enrich-
ment of these chalcophilic elements, which was altributed
Lo the attachment of fine anthropogenic particles to coarse

particles in the atmosphere. is due to recycling of polluted
surface soil. These observations indicate that EF. values of
elements in urban aerosols have to be evaluated cautiously,
because observed enrichment, particularly in couarse [rac-
tion aerosols. can be due to recycled polluted surface soil,
rather than to contributions of anthropogenic emissions to
aerosol mass.

Because source apportionmenl lechnigues used in air
pollution studies are sensitive to compositions of particles
emitted from different sources. the use of the correct soil
composition is importan! in determining the correct source
contributions. This is particularly important if whole-filter
(particles collected without PM, eut-off) or PM,, aerosol
(coarse fraction) samples are used in apportionment
studies, because whole filter samples include most of the
coarse fraclion aerosols, where concentrations of anthro-
pogenic elements are determined by recycled surface soil.
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Table 3
Pollution classes for anthropogenic elements (concentrations in pg/e ')
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Elements *Pallution class
Linpolluted Slightly polluted Moderately polluted Considerably polluted Heavily polluted Extremely polluted
Cd 0.3 I 2 3 5 >3
Cu 15 30 50 80 300 =300
Ni 10 30 100 200 400 =400
Ph 30 70 100 500 2500 > 2500
Zn 50 100 300 700 3000 > 3000
Cr Rit) 70 100 300 1000 = 1000
*Puce et ul. (1975).
However. apportionment studies using PM- s (fine frac- Table 4
tion) particles can produce correct source contributions Factor analysis with rotated varimax scores for measured elements
|EEH .w1t[:l gqu{n] aver:_lge soil compqsttlon, becm_lse the Elements Factor 1 Factor 2 Factor 3 Factor 4 Fuactor 3
contribution of the svil component to concentrations of
pollution-derived elements is not significant in the fine Al 042 (.58
aerosol fraction (Karaca et al., 2005; Samura et al., 2003). ¢ 0.26
Cd 0,73 0,37
5 2 ’ i : e s p Cr 0,82
3.5, Factor analysis and origin of elements affecting soil Cu (.28 041 0.53
composition Fe 0.34 0,67 0.39
K .68 0,34

s e 3 y 3 L F . e b N 55 35

I'he composition of soil at a given point is determined by i;g 0:65 85[]) 0.25
contributions [rom various sources, such as mineralogy of ,ﬂj R s
the soil, deposition of combustion particles from the (.86 .
atmosphere, deposition of traffic-related particles. etc. Ph 083
The clemental composition of soil changes from one  Zn 0:25 0.74
location to another. bEC:-tllSr? {he relu.tivc contributions of  gioenvatue 303 185 |43 10 1.09
each of these sources may differ spatially. Y Varianee 2328 14.25 10.99 8.43 R.42

A varimax-rotation FA was applied to the data set Lo Cumulative ~ 23.28 37.52 48.51 56.95 65.37

differentiate between different components of soil and the
distribution of these components over the study area. Five
interpretable factors with eigenvalues higher than unity
were extracted (Giiveng et al.. 2003). Elemental loadings in
these lactors, eigenvalues and the proportion of variance
explained are given in Table 4. The (actor loadings or
component loadings are the correlation coefficients be-
tween the variables (rows) and factors (columns). The
squared lactor loading 1s the percent ol variance in that
variable explained by the lactor, Factor loadings >0.25 are
regarded as significant in the interpretation of the data.

Factors 2 and 3 have high positive loadings in only
lithophilic elements suggesting that they represent unpol-
luted soil components probably contributed by their
mineralogy.

The remaining three factors include pollution-derived
elements. Faetor 1, which explains 23% of the system
variance. has high positive factor leadings on Cr, Ni and
Meg. and moderately positive to low loadings on Fe. Cu
and Zn. The presence of elements with crustal and
anthropogenic origins in the same factor suggests that it
represents polluted surface soil.

FFactor scores in FA represent the score of each element
on the various factors for every sample. Although it 15 not
possible to obtain guantitative information from factor

% Variance

scares. as they dare dimensionless parameters, normalized to
have an average value of zero. they can be useful to identify
or to confirm components represented by the factors, The
distribution map of factor | scores does not resemble the
distributions of Cr, Ni, Zn and Cu concentrations
discussed previously in Fig. 7. The highest scores are
observed atl the outskirts of the city where population
density is fairly low. Mean crustal enrichment (actors of
elements in samples that correspond to the highest factor
scores over 10 are 1.6 (runge 0.9-3.8) for Cr. 1.2 for Cu
(ranges between 1.0 and 3.0), 2.2 (range 0.9-4.9) for Zn and
2.0 (range 0.8-4.0) for Ni. Such low EF. s and fairly
uniform distribution of facter scores indicate that factor |
is not related to pollution. but represents a certain mineral
type of soil which is enriched with Cr and Ni (and to a
smaller extent with Cu and Zn) Fig. 8.

Factor 4 is another anthropogenic factor. with high
loadings on Zn and Cd and moderate loadings on Cu.
Factor 4 scores are very high in the densely populated
center of the city and low at un-urbanized arecas (Fig. 7).
Mean crustal enrichmenl lactors ol elements at sampling
points that correspond to factor scores over 10 are 8.4
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Fig 7. Factor scores distribution of Factors | and 4.

(range 1.1-26), 7.2 (range 1.0-20) and 13.9 (ranges between
1.1 and 56) for Zn, Cu and Cd. respectively. This factor is
interpreted as the pollution surfuce soil [actor and
represents soil in settlement areas which is polluted by
atmospheric deposition ol anthropogenic particles. Until
recently. Ankara city was dependent on coal for domestic
heating, which caused huge atmospheric problems duc Lo
the topography and meteorology of this ¢ity (Yatm. 1994).

A similar component containing both crustal and
anthropogenic elements was also identitied in Ankara

atmospheric aerosols and atiributed o the presence of

polluted surface soil components among the collected
aerosol population (Yatin, 1994).

Faclor 5 has high positive loading on Pb. It most likely
represents the component in soil polluted by motor vehicle

emissions. Weuk positive loading on Cd possibly explains
deposition of particles from worn tires. because Cd is used
in the vuleanization process during tire production (Smha
and Banerjee. 1997: Schauer et al.. 1996: Anderberg and
Stighani. 1994), Distribution of factor 3 scores in the study

area closely resembles thut of Pb concentrations. which

were discussed previously (Giiveng et al.. 2003).
4. Conclusions

The starting point of this study was the detection of u
compenent in almospheric aerosols in Ankara that appears
to be polluted soil, Modilication of the chemical composi-
tion of soil in Ankuara was investigated by analyzing surface
soil sumples. collected from 120 points m the city and its
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surroundings, for major, minor and trace elements using
AAS and INAA techniques.

Comparison of measured concentrations of elements in
the city with global average soil composition and average
measured compositions in un-urbanized stations has
demonstrated that concentrations of Cd, Zn. Cu and Pb
have been modified by deposition of anthropogenic
particles over the years. Distribution maps of their
concentrations have shown that modification of soil
composition is most pronounced in districts with high
population density.

The extent of the influence of almospheric deposition on
sotl composition in dilferent parts of the city was examined
using crustal enrichment factors of elements. Soil composi-
tion has been considerably modified in parts of the study
arca where population density is high, and close to
mmdustrial facilities. However. soil composition is fairly
similar to global average soil in scarcely populated areas,
which cover most of the study area. Lead was enriched in a
larger part of the study area owing to the aerial nature of
motor vehicle emissions.

FA revealed five soil components with different compo-
sitions. Three of these components, which explained most
of the system variance, were ascribed to unpolluted surface
soil with different mineralogy. Two soil components were
identified as the polluted soil [raction. One ol these has
high positive loadings on chalcophilic elements with high
factor scores in densely populated districts of the city. The
other one has high positive loadings on only Pb,
representing soil polluted by motor vehicle emissions.

Although enrichment of elements in both coarse and fine
fraction aerosols is partly due to the contribution of
recycled polluted surface soil, the contribution of the fine
soil [raction o aerosol enrichment of elements is not large
enough to change the conclusions made by Yatin (1994).
However. enrichment of chalcophilic elements in coarse
fraction aerosols can be attributed to recycled surface soil.
Since source apportionment of air pollution is sensitive Lo
composition of particles emitted from different sources. the
use of the correct soil composition 18 important. particu-
larly if whole-filter or PMy, aerosol samples are used in
apportionment studies. Apportionment studies using PMs 5



0.0 Yor eral J Jowrnel of Envivonsrental Managenrent 86 (2008 1 381 594 593

particles produce better source contribution results even
with global average soil composition. which is regularly
used in such studies.
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Abstract

This study examined the spatial-temporal variations and factors influencing the management of groundwater along a section of the
Bagmalti river corridor in the Kathmandu valley (Nepal). The results showed that rural arcas were less polluted than urban arcas, In
urban areas, the biochemical oxygen demand (BOD). total nitrogen (TN) and total phosphorus (TP) coneentrations ranged from 8.41 10
20 74 mgfL. 6.7 to 128,96 mg/L and 0.06 to 1.5 mg/L. respectively. In rural areas. the BOD. TN and TP concentrations ranged from 0.78
to 18.25mg/L. 4.8 to 11.50mg/L and 0.07 to 0.65 mg/L. respectively. The level of organics was higher in the pre-monsoon season. while
the level of nutrients was higher in post-monsoon season. A comparison of the groundwater and surface water in the upstream rural
areas revealed that the TP concentration was higher in the groundwater than in the surface water, which was attributed (o the sorption of
phosphorus on iron, aluminum or calcium compounds contained in the surface water, which depends upon the temperature. pH and
dissolved oxygen. In urban areas. a few wells were found at groundwater levels lower than the corresponding surface water levels and
were subjected to a high risk of pollution. Overall. these findings reinforce the notion that the management of surface and ground waters

in an integrated approach is cssential for attaining sustainable development of groundwater systems.

€ 2007 Elsevier Ltd. All rights reserved.

Keywords: Spatial variation; Temporal variation; Groundwaler guality: Bagmati river

1. Introduoction

The Bagmati river Corridor 18 the principal resource base
of municipal water in the Kathmandu valley (Fig. 1).
providing almost 92% of the wel season and 60% of the
dry season water supply (CBS,” 1998). However, the
increasing demand for water as a result of an increasing
population has placed pressure on the water quality.
Moreover. both the surface and groundwater levels have
been degraded as a result of unplanned urbanization and
inadequate sewerage facilities. which have accelerated the

*Cm're;pmiding wuthors. Tel.: +822 058 SB48: fax: +822958 6854
Eemaid adddresses: prakash.kannel@ gmail.com (P.R. Kannel),
seockleed kistre kr (8. Lee).

0301-4797; %« see [ront matler (© 2007 Elsevier Lid. All rights reserved.
dor 10,1016/ jenvman 2006.12.021

discharge of untreated domestic liquid waste into the river
corrider (MOPE, 2000).

Domestic sewage and industrial effluent appears to be
the major contributors to water pollution in the Kathman-
du valley. The polluting industrial activities include the
processing of agricultural products, textiles and carpets.
The intensive use of fertilizers and pesticides in agriculture
around the drainage basin ol the rver had further
aggravated the situation. The average use of chemical
fertilizers per hectare. such as nitrogen. phosphorus and
potassium, has increased considerably in the country [rom
7.6kg in 1975 to 26.6 kg in 1998 (MOPE et al.. 2001).

The recharge area for groundwater in the valley is
shrinking due to urbanization. The urbun arcas have
increased from 26% in 1978 to 46.2% in 1096. Likewise.
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the rural built-up areas have increased from 11.2% to 24%
during the same interval (Pradhan, 2000). Groundwater is
being heavily used lor drinking as well as for other
activities. which has resulted in a decline in its water level
(MOPE et al.. 2001). According to a study by Metcalf and
Eddy (2000) in 1999, there was a drop in the pumping
water level from 9 to 68.5m over u lew years. The Lotal
sustainable level of groundwater withdrawal 15 approxi-
mately 26.3 million [liters per day (Stanley ct al, 1994).
According to the Snowy Mountains Engineering Corpora-
tion (SMEC. 1992). the maximum limit of groundwater
extraction should be approximately 40.1 million liters per
day. However. the total groundwaler currently extracted
per day is approximately 38.6 million liters (Meteall and
Eddy, 2000). The impact of such water withdrawal from
the groundwater reservoir is the infiltration of polluted
slredm waler.

[ sueh eircumstances. information on the temporal and
spatial trends of the water quality should help i the
decision-making process. particularly in developing coun-
tries. where there is insufficient data (Massoud et al., 2003).
Morcover. there is incomplete understanding of the
influence of surface water (o reinforce the notion that the
management of surtuce water and groundwater should be
integrated tor sustainable development. Khatiwada et al.
(2002) examined the extent and sources of groundwater
contamination in the Kathmandu valley. However, there
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quality sampling stations along the Bagmuu nver cormdor,

have been no studies examining the spatial and temporal
variations in groundwater water pollution along the
corridor of the Bagmati River. Therelore, this study
assessed the state of groundwater pollutions. the spatial—
temporal variations and investigated the mfluential factors
of water quality along the river corridor in order to provide
the basis for future management strategies,

2. Study area

The study ared consisted of an approximately 20 km
streteh of the Bagmati River Corridor (Fig. 1), which lies in
the Kathmandu valley of the country. Nepal. The valley,
which is located in the midland of the Himalayas, lies
between 27°32" und 27'49" North and 85°12" and 85°32
East. and 1s an almost round in shape with a diameter of
approximately 30km F-W and 25km N S (Dill et al.,
2001). The valley has a central flut part at an elevation of
1300-1400m above mean sea level (Sharma. 1997). ht
covers an area of approximately 650 km®. with an altitude
varying from 1220 to 2800 m above mean sea level (Fuji
and Sakai, 2002),

The valley Roor has a highly undulating topography with
buried ridges ol precambrian basement rocks (Jnawal
et al.. 2002). The valley was originally a lake during Pliof
Pleistocene times and had been silted up totally by
lacustrine and deltaic river sediment (Shrestha et al.,
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1999), The valley basin sediments are mainly loam and are
composed of unconsolidated clay, sili. sand and gravel
runging in dge from the late Pliocene to the present. The
northern area consists mainly of unconsolidated course
sediment and the southern part consists of thick clay
formation and basal gravel (MPPW. 2003). The central
part of the basin consists of thick organic mud with
sund dominated basal beds underneath (Fujii and Sakai.
2002). The southeast higher part consists of massive
gray limestone and the lower formations consists ol
quartzite and shale with varying degrees of metamorphism
(MPPW, 2003).

The valley is in a warm temperate climate zone and
recerves an annual average rainfall of approximately
1900 mm with temperatures ranging [rom approximalely
0°C in the winter up to 30 C in the summer (NWSC,
1992). The valley contains three major cities. Kathmandu.
Bhaktapur and Lalitpur, with a total population of the
valley being approximately [.6million according lo the
2001 census (CBS, 2002).

3, Materials and methods

A monitoring network was designed along the Bagmati
river corridor (Fig. 1), Nine locations were sampled: three
sampling stations, GO1. GO2. and GO9. in rural areas and
six stations. GO3-GO8, in urban areas. Table | gives a
deseription of the sampling sites with their locations and
Lypes.

I'he water qualily was monitored (o determine the
chemical and physical parameters: temperature. pH,
dissolved oxvgen (DO). biochemical oxygen demand
(BOD), chemical oxvgen demand (COD). total nitrogen
(TN} and total phosphorus (TP) including trace metals
(Ca. Fe and Al). The samples were collected in the pre-
monseen (19 20 June) and post-monsoon (2-3 December)
geasons and were of 30h duration. All groundwater

Takle 1

Water quality monitoring stations in the Bagmali river and its tributaries

sampling was completed using dip samplers in permanent
open dug wells, which were located along the corndor of
the river within 200m from the main river stem. The
sampling stations were near the surface water quabty
sampling sites monitored by Kannel et al. (2003). and the
samples were analyzed on the same day und in the same
local laboratory.

All the monitored parameters were cxpressed in mg/L
except for the pH. temperature ("C). flow (m”/s). ground
water depth (m) and sediment concentration (mg/g). The
sampling, preservation. transportation and analysis of
water sumples were carried out according to the methods
described in APHA-AWWA-WPCTE (1989). The ground-
water depth and the difference in the water levels were
measured using a standard tape and Qy level.

The BOD samples were taken in sterilized 1000mL
polythene bottles. The samples for the COD. TN and TP
were collected in 250 mL polvethylene bottles and pre-
served with concentrated sulfuric acid to pH<2. The DO
samples were collected in 300 ml. bottles by lixing with
I mL of an alkaline azide solution. | mL of a manganese
sulfate solution and | mL of concentrated sulfuric acid.
Prior to transportiation. the samples were preserved in an
iccbox<4 "C. The water samples for the dissolved metals
(cach | ke) were filtered. and the filtrales were preserved
with concentrated nitric acid lo pH < 2. The sumples were
then transported within 6 b to a locul laberatory and stored
below 4"C in a refrigerator until needed. The BOD and
DO samples were analyzed immediately after reaching the
laboratory.

The temperature. pH and DO were measured i situ. The
temperature was measured using a portable thermometer.
The pH was measured with a portable pii-meter. The DO
was measured with a portable DO probe as well as in the
laboratory by titration with a standard sodium thiosul-
phate using starch solution as an indicator, The BOD was
determined using the azide modification method over a

Tupes Stations Chamage (ki) [L.ocutinns

Rural GOl (.000 At right bunk ol the Bagmati river at about 200m Irom the iragation dam neai Atterkhel. Gokurny

Rural )2 4873 At right bank-al about S0w [rom the Bagmati river located approxmitely 2km upstream from
Wastewater Treatmen! Plant. Guhesworl

Ut ban Gua 7.000 At lelt bank of the Bugmati river atabout 20m from Sinamangal steel bridge located at oid Baneswor

Lirban (i (2120 At about SUm (Fom the vight bunk of the Bugmati river locuted sapproximately 25 ny upstream from the
Muanahuro-Bagmati junction

Uthan Gz 12,170 At about 50 from the right bank of Bagmati river loeated at 100 m downsiream of (he
Bagiati Manuhara confluence

Ui Gl 14,000 At about S0 right bank of the Bugmat river located approximately at 100 m dewnsireim ol the
Thapathali bridge that connects Kathmandu and Lalitpur municipalities

I 'rhan 7 14640 AL ahout T3m from left bank of the Bugmat river located approsimately at 200 m downstream from
the Thapathall brdge

Lirban Gl 13940 AL about 75 m from the fght bank of the Bagmati viver located just aboul 35m downstream ol the
Bishnumall Bagmati river junction

Ruril Go9 19500 AL left bank of the of the Bagmati niver downstream of the NakKhu Khola-Bagmat river junction atu

distanee of about 200m from the nver Bagmati
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5-days incubation period at 20 "C. Within 24 h of sampling.
the COD wag analyzed using an open reflux method with
acidificd standard potassiim dichromale titrated with
ferrous ammonium sulfute. The TP was determined by
digestion and a colorimetric method (ammonium molyb-
denum blue method/ascorbic acid method). Prier to
determining the phosphate level, the samples were digested
with concentrated nitric and sulfuric acid to convert all the
phosphates into the orthophosphate form.

The TN was determined within 7 days of sampling by
determining the nitrite-N, nitrate-N and the total kjeldahl
nitrogen (TKN) levels. The nitrite-N was determined using
spectrophotometry (diazo method). The TKN was determined
using the macro-kjeldahl method by following the titration
with a standard hydrochloric acid solution. The ammonia
nitrogen was determined using the nesslerization method for
low concentrations and by titration [or higher concentrations.

The trace metals in water were determined by spectro-
scopic analysis after a preliminary treatment ol the
preserved samples. The samples were concentrated by slow
evaporation over a hot plate in acidic conditions in order to
reduce the volume and force the un-dissolved metals into
solution. After the preliminary treatment, the level of trace
metals was determined by atomic absorption specirometry
(AAS). The aluminum level was determined using eri-
chrome cyanine R colorimetric method using a UV-visible
spectrophotometer. The calcium concentration was deter-
mined by titration with a standard EDTA solution using
ammonium purpurate as the indicator. The level of iron
was determined by atomic absorption:

The truce metals in the sediments were determined by
drying the sediment samples and grinding them to pass

through a 150 pm sieve. The sieved samples were dried at
105°C to remove moisture. After complete drving and
cooling. | g of the sample was taken in a 250 mL beaker
and 30mL (1+1) HCl was added with 2-3 drops of
concentrated HNOj;. The sample was evaporated to
dryness over a hot plate. The residue was dissolved in
SmL HCI and 100 mL water was added. The resulting
solution was boiled for a few minutes and the hot solution
was filtered through medium textured filler paper.
Approximately 3g of ammonium chloride was added (o
the filtrate and heated.—~A dilute ammonia solution was
added to turn the solution slightly alkaline. The hvdroxide
obtained was filtered and ignited at 9001000 °C for 1 h.
The amount of mixed oxide was determined gravimetrically
and the hydroxide residue was dissolved in acid and the
iron concentration was then estimated by AAS. The
aluminum oxide concentration was determined using a
subtraction method. The filtrate obtained from the hydro-
xide precipitation was titrated with a standard EDTA
solution after adjusting its volume to 230ml using
Reeder’'s and Patlon’s indicator, The amount of calcium
was estimated from the volume ol EDTA consumed by the
fixed sample volume.

4. Results and discussion

Tables 2 and 3 summarize the measured variables in the
walter and sediment samples. Table 4(a) shows the results of
the two-tail -test for the comparison of the water quality
between the pre-monsoon and post-monsoon season.
Similarly. Table 4(b) gives the result of the 7-test for the
comparison of the water quality between the rural and the

Tahle 2

Groundwater qualities along Bagmati river corridor

Dile Stations Loecations Temp pH Do BOD con TN TP GWL GWL

("C) (mg/L) (mg/L) (mg/L)y tmgl)  (mg/l)  (m) (m)*

1920 June 2004 GOl Atterkhel 20.0 6.1 1.02 7.12 318 4.8 14 7.62 1.216
)2 LIN Camp 19.5 o4 (1.89 9,06 1622 1156 0.27 3.5 1313
GoO3 Sinamungal 20.0 6.4 0.00 15:65 28.65 6.7 115 4.57 —0.763
G4 L/S Manahara 20.0 7.2 0.57 29,74 45.02 10.68 0.43 —
U3 D/S Manahara 200 8.2 0.00 2488 43.606 10.22 0.12 274 4.170
Gi6 D/S Dhobi khola  20.5 G4 0.00 2144 38.00) 10,11 (.24 2.74 —0).185
GoO7 D/S Tukucha 20.5 8.6 0.77 19.43 34.90 943 1.06 2.06 1560
GOR 12/S Bishnumati 21.0 9.3 0.62 24.96 49.42 131.0 0,19 2.29 2,069
GOy DS Nukkhu 27.0 6.8 0.17 18.25 29.26 T80 (44 313 7801

23 Deceniher 2014 G0l Atterkhel 19.0 6.1 430 0.78 T:50 5.89 0.07 =il 1126
o2 UN Camp 18.8 6.2 210 916 25.00 729 D85 334 1,485
GO3 Sinamangal 179 6.8 (26 15.35 21.00 2373 137 385 —(145
G4 U/8 Manahara 19.0 6.7 3.10 10.83 13.50 73.92 .25 — —
GO B/S Manahara 18.1 6.3 1.04 12.00 19.50 53.63 1.50) 200 3920
Gl6 12/S Dholn khola 18.2 6.5 1.50 17,00 26.90 A7.81 1.11 2.85 —0,295
GoO7 D/S Tukucha 17.0 6.8 2:50 8.4 12.50 17.36 1.4] [50 3820
GOg /S Bishnumati 19.0 7.0 0.91 9.62 20,00 12896 090 2.79 15649
Go9 DS Nakkhu 19.0 0.8 2.04 7.30 12.60 10.61 0.40 3.55 75381

Note: GWL—groundwater level below local ground surfuce. GWL*—ground water level with reference to corresponding surface water level, —ve values

refers (o groondwater level below surface waler level.
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Tahle 3

Fe. Aland Cainowater and sediment samples (2-3 December 2004)

349

S N, Lo¢iutions Al ke Ca
Sediment (mgig) Water (mgel) Sediment (mg g Walter (mg/l.) Sediment (mg/o)  Water (me L}

| Alterkhel. Basmab river (1L (0,045 4.34 [.24 33 123
{Location 1)

2 Auterkhel. Dug-well L1086 0.012 4.2 .02 < 33.39
(Location 1)

a Sinamangal, Bagmath rver 364 0ol I5.23 004 1 14.56
(Location 3)

Al alumiinoam. Fe—iron. Ca—calciom,

Table Ha) Tahle 5

Two sample mean r-test (two tail) for groundwater quality data w Junce
and December 2004 along Bagmath river

Correlation coelficients (r) for sroundwater quality datd along the

Bagmat river cormidor m 2004

Paramelers P pevalue Pirameters Temp, pll DO BOD coD ™
Temperature” 3106 0013 pll (:223 = —
pH | 874 {094 no —Lade* —0372 —
DO* —3.519 0.006 BOD 0,362 0.669%  —0.70]* =
BOD= ad24 0.0049 oD 1) 343 0, 730% (HRT3 (LUdN*  — —
COp* 3308 (ERALNST TN —1L,258 0064 0012 —085  —(L.233
™ =257 0054 P —(h478*  —().286 0211 —0:204 0369 (1344
T —4.293 {2

Noze: *Stgnificant at 005 level,
FSignificant ol 0L05 level (hwo Lail -test)

Tuble 415
Twao sumple mean f-lest (lwo tail) for groundwater quality dati at rurad
andd urban areds along Bagmat River in 2004

Purameters revilue pvalue
Temperature .949 0374
plr* —2.790 0014
Do [.240 N.255
BOD* —2414 0013
cont 2452 0.027
TN —2.346 0.039
T 2121 0.051

“Significunt at O.05 level (two Ll f-lest).

urban arcus. Tuble 5 shows the correlution coellicients for
the observed data. Figs. 2-5 gives'the plot of the results of
the monitored water quality parameters in the pre and

POS[—ITIUI‘IHUUI] SCHSO0T1S.
4.1 State of pollution

The groundwaler locations along the Bagmati river
corridor showed  that the water quality exceeded the
permissible limits except for temperature. pH and DO at
some locations (Table 2). The temperature ranged from
19.5 to 27 C in the pre-monsoon season and 17-19°C in
the post-monsoon season. The European Economic Com-
munity Standard has o minimum drinking water guideline

value of 12°C and a maximum ol 25'C. The Canadian
drinking water guideline has o recommended value of 15 C
(NHMRC and ARMCANZ, 1996). In the pre-monsoon.
the allowable drinking water temperature exceeded these
guidelines at station G0Y. The pH was within permissible
range ol potable water. 6.3-8.3 (WHO. 1984), excepl al
sites GOI-G04. GO7-GOR in the pre-monsoon season,
and GOI-GO2 in the post-monsoon season. A DO level
=2mg/L is required in order to prevent anderobic
conditions that can cause bud odors (EMECS, 2001). The
DO levels were<2mg/L at all sites except for GOI. GOZ.
G04. GOT and GO9 in the post-monsoon season and at all
sites in the pre-monsoon season. The BOD concentrations
were higher than the permissible limit of 3mg/L (EMECS.
2001) at all sites except for GO in the post-monsoon. The
maximum aceceptable COD level for most industrial uses
and for environmental sustainability is Smg/L (EMECS.
2001). The COD limit was exceeded at all sites exeept for
one site at GOI in the post-monscoen season.

The TN concentrations were higher than the recom-
mended limil of the Eco-region reference XI (covering the
Central and Eastern Forested Lplands of USA) ol
.31 mg/L (US EPA. 2000). However, Lthe high TN value
at GOS8 requires verification. The high permeability of soils
and the absence of dense crop cover after applying lertilizer
ensure the leaching loss of nitrates to the groundwater
(Banaszuk et al. 2005). The sources of nitrogen and
phosphorus are industrial. human pollutions and fertili-
zers, The industrial uses of nitrogen include plastic and
metal treatments, textile industries. particleboard and
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[emperature. pH and DO levels at the groundwater samphng stations along the Bagmat river corndor on 1920 June and 23 December 2004
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Fig. 4 TN and TP concentrations at the groundwaler sampling siations
alone the Bagmati river corridor on 19-20 June and 23 December 2004
[(B8) TN und (&) TP an June: (D) TN and (A) TP in December|.

plywooed, adhesives. feed industnies, pharmaceutical indus-
tries. The most common nitrogen compounds used are
ammonia. nitric acid, urea and ammonium nitrate (Potash

25

TP (mglL)

Locations

Fig. 5. TP concentrations at surfuce wuter stations (Kannel et al., 2005y and
corresponding groundwater stations along the Bagmat river on 1920 June
and 223 December 2004 [ M) TP in surface water and (&) TP m gronndwater
i June: (C1) TP in surface water and (A} TP in groundwater in December]-

Corporation ol Saskatchewan, 2005). The limit of TP
concentration is 0.1 mg/L, above which it interferes with
coagulation in water treatment plants (LIS EPA. 1956). The
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TP concentrations exceeded the limit at all locations except
for GO1 in the post-monsoon season and GO7 in the pre-
MONSOON Season.

4.2, Temporal variation of water guality

The temperatures (Fig. 2) reflected the seasonal
pattern showing higher values in the pre-monsoon season.
It varied from 19.5 to 21 °C (excluding station G09) in the
pre-monsoon season and 17-19°C in the posi-monsoon
seasons. In the pre-monsoon season. the pH units (Fig. 2),
BOD and COD concentrations (Fig. 3) were higher, while
the DO concentrations (Fig. 2) were lower. The level of
nutrients (Fig. 4) was higher in the post-monsoon season
(4.8-13.1 mg/L. TN and 0.06-0.44 mg/L. TP concentrations
in pre-monsoon, 5.89-128.96 mg/L. TN and 0.07-1.5 mg/L
TP concentrations in post-monsoon).

The student (-test showed (Table 4(a)) that all the water
quality parameters except for the pH and TN were
statistically significant (p<0.03). In the pre-monsoon
scason, the temperature, BOD and COD levels were
significantly higher (p<0.03) but the DO and TP levels
were significantly lower than in the pest-monsoon season
(p<0.05).

The reasons for the higher pH in the pre-monsoon
season (insignificant, p = 0.094) were: (i) under anaerobic
conditions, the enhancement of denitrification (microbial
reduction of nitrate under anoxic condition) increases the
pH (Zilberbran et al., 2001) and/or (ii) the oxidation of
organic matter by iron or sulfate reduction results in a
higher bicarbonate (a bulfering ion) to CO, ratio (Park
et al.. 2006), In the post-monsoon season. nitrification
(microbial oxidation of ammonium) under aerobic condi-
tion increases acidity (Stumm and Morgan. 1996) leading
1o a decrease in pH.

The higher BOD, COD and low DO concentrations in
the pre-monsoon season are influenced by various factors.
Higher rainfall and river flow cause the infiltration of
otganic matter into the ground water, which decreases the
concentration of dissolved oxygen with biodegradation. In
addition, the increase in temperature causes a decrease in
oxygen solubility, which further reduces the DO concen-
trations. In the post-monsoon season. the recharge of
acraled water oxygenates the shallow groundwater aquifers
(Malard and Hervant, 1999) increasing the DO concentra-
tions considerably.

Contamination ol the aquifer is accelerated by surface
water infiltrating an aquifer when the pumping stations are
near the river (Fernando and David, 2005). Aquifer
contaminations by rivers carrying highly polluted water
have been reported elsewhere (BGS and MOPH. 1994:
Kacaroglu and Gunay. 1997).

In the pre-monsoon season, a decrease in DO concen-
fration enhances the de-nitrification process under an
anacrobic condition (Pattinson et al., 1998; Carlyle and
Hill, 2001), which reduces the nitrogen level considerably
(Fig. 4). In the post-monsoon season, the lowering of the

groundwater reservoir level inereases the nutrient concen-
trations (Fig. 4). Significant groundwaler abstraction
15 prevalent in urban areas because the piped water supply
1s scarce,

4.3. Spatial variation of water quality

The temperature (Fig. 2) showed less variation in rural
and urban arcas. The pH (Fig. 2) was higher at urban
areas. The DO concentration (Fig, 2) was higher in rural
areas and decreased as the river entered the urban areas.
The BOD, COD (Fig. 3) and TN, TP (Fig. 4) concentra-
tions were higher in urban areas than in the rural areas.

The student /-test (Table 4(b)) showed that all the waler
quality parameter levels except for temperature, DO and
TP (marginally significant) were statistically significant
(p<0.03). In rural areas, the BOD, COD. TN and pH
levels were significantly lower (p<0.05) than in urban
areas.

The rural areas, with higher permeability. permit the
infiltration of the oxygenated surface runoff and river flow.
Less polluted water is introduced in rural areas due to
lower anthopogenic activities. Urban areas. allow the
infiltration of heavily contaminated surface waler via river
corridors though payed roads with concrete permitting
little infiltrations. In addition. contaminants from leaking
sewers. landfill and industrial activities produce a high
biological oxygen demand in groundwater (Robins. 2002).
The nitrate in groundwater originates mainly from the
oxidation of ammonium from the infiltration of effluent in
which urea and ammonium prevail over other nitrogen
compounds (Zilberbran et al., 2001).

Furthermore. differences in the groundwater quality
between the rural and urban areas are influenced mainly by
local factors. A groundwater site located in an urban area
might have some of the characteristics of a rural arca due
to the influence of tributaries.

Higher TP concentrations were found in groundwater
than in surface water at the upper reaches ol the Bagmati
River (Fig. 5). According to a study by Kannel et al
(2005), the surface water station at Atterkhel (station B0O1)
near the groundwater station GO1 had a TP, DO and pH
levels of 0.01, 6.73mg/L. and 7.1 m the pre-monsoon
season, and 0.07. 8.5mg/L. and 6.3 in the posl-monsoon
season, respectively. Similarly, the levels of TP, DO and pH
in the surface water station at the UN Camp (station B02)
near groundwater station G02 had 0.21, 3.37 mg/L and 6.9
in the pre-monsoon season and 0.29, 6.2mg/L and 6.5 mn
the post-monsoon season, respectively.

It was observed that the groundwater stations had higher
TP concentrations (0.14 and 0.27 mg/L. TP concentrations
al GO1 and GO2. respectively) in the pre-monsoon season
(Fig. 5) than the corresponding surface water stations (BO1
and BO2 have TP concentrations of 0.01 and 0.21 mg/L.
respectively). In the post-monsoon season (Fig. 5). only the
groundwater station G02 had a higher TP concentration
(0.65mg/L) than the corresponding surface water gtation
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(0.29mg/L of TP concentration). On the other hand. the
groundwater station GO1 had an equal TP concentration to
that of the surface water station (0.07mg/L of TP
concentrations at both stations). This suggests that the
TP concentration is less than or equal to the groundwater
at surface water station BOL. and was always less than the
groundwaler al stalion BO2. This suggests that phosphorus
level is lower in the surface water than in the groundwater.

The lower TP concentrations in the surface water might
be due 1o the sorption of phosphorus on iron, aluminum or
aleium  compounds contained in the surface water
depending upon temperature. pH and oxygen ol water.
Aerobic conditions do not favor the release of phosphorus.
The high sorption of phosphorus occurs at high dissolved
oxygen concentrations (Wang et al.. 2003). The sorption of
phosphates decreases with increasing pH due to competi-
tion with OH™ ion (Lijklema. 1997). The sorption takes
place mainly in the pH ranges 2-3 to 6-8 (Zhou et al.,
2005). The release of phosphorus increases with increasing
temperature (Kim et al.. 2004). Hydroxides, oxides and
oxy-hydroxides of iron provide sorption sites for phos-
phorus (Slomp et al., 1996). Gelbrecht et al. (2004) stated
thal the important processes that reduce the phosphorus
concentration in running water include the sorption of
soluble reactive phosphorus on Fe (I1I) hydroxides.

Table 3 shows the Fe. Al and Ca concentrations in
sediments and water at three stations: (i) surface water
station at Atterkhel (Location ). (ii) Groundwater station at
Atterkliel (Location 1. GO1)) and (iii) the surface water
station at Sinamangal (Lecation 3). Very high Ca concen-
tration was observed in water sample [rom groundwater
station at Atterkhel (GO1). which might be due to agitation
of the well by the local people immediately before sampling.

The Al Fe and Ca concentrations were higher in the
surface water sediment samples than in the groundwater
samples (Table 3). At the surface water stations, in the pre-
monsoon season, the pH range (6-8) and DO concentra-
tions (Fig. 2) favored the sorption of phosphorus on
caleium compounds. In the post-monsoon season, higher
DO concentration (Fig. 2) and lower temperature favored
the sorption of phosphorus on the oxides. hydroxides and
oxy-hydroxides ol iron or aluminum.

The difference between the level ol the surface and
ground waters has important implication in the qualities of
the groundwater. Lower groundwater levels can receive
polluted water from the nearby surface water. Wells GO3
and GO06 were found below the corresponding surface
waler levels in both the pre and post-monsoon seasons
(Table 2), and received a continuous supply ol polluted
water from the corresponding river locations. The other
wells, at relatively higher levels, contributed base flow to
the surface water system.

4.4. Correlation analysis

Table 5 shows the correlation matrix and its significance
levels for all the observed data. Because the nine sampling

stations were combined in order to caleulate the matrix. the
correlation coefficients should be interpreted with caution
as they are alfected simultancously by spatial and temporal
variations. Nevertheless, some hydro-chemical relation-
ships can be mlerred. A high and significant positive
correlation was observed between BOD und COD con-
centrations (correlation coefficient = 0.948) because thay
are closely related to the contamination ol organic matler,
Temperature was negatively correlated with DO concen-
tration (correlation coefficient = —0,406. nsignificant)
because the solubility of the DO concentration decreascs
with increasing temperature. The BOD and COD concen-
trations showed negative correlation with the DO concen-
trations because organic matter is oxidized at the expense
of oxygen (Vega et al., 1998). The positive correlation
between BOD concentration and pH was attributed to the
fact that the production of ammonia and dissolved
inorganic carbon during the decomposition of nitrogen-
rich organic compounds by bacteria tends o an increase in
both the pH and alkalinity (Ferris et al., 1996). The
significant correlation between TN and TP concentrations
(correlation coefficient = 0.544) is atiributed 0 ground-
witer pollution from both point and non-point sources.

4.5, Factors influencing management strategies

The water quality of groundwater is affected by many
factors including precipitation, surface runoff. ground-
waler flow, and the characteristics of the catchment area.
Seasonal variations in these factors have a strong effect on
the concentration of pollutants. The relative water levels
between the groundwater and polluted surface waters
determine the amount and nature of the deterioration in
the groundwater quality along the river corridor.

The introduction ol sustainable development and
integrated management principles requires the develop-
ment of new planning tools, which in turn requires a more
comprehensive database than is currently available
{Schultz. 2000). However. the greatest challenge is to
acquire reliable information that will guide the use and
protection of water resources. Knowing if certain types of
water quality problems are isolated or ubiquitous and
whether the conditions are changing spatially or tempo-
rally is essential for a proper management plan (Massoud
et al., 2006). Furthermore, an effective institutional and
regulatory framework is an essential part of 2 management
system. Overall. in addition to the spatial and temporal
variation. the relationship between the groundwater and
surface water must be considered when assessing the health
of the system as well as for sectting pollution control
strategies.

5. Conclusions
@ The groundwater locations along the Bagmati river

corridor are exceeding the permissible limits with some
exceptions. The water quality is less polluted in rural
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areas than in urban areas. In urban areas. the BOD
concentration ranged from 8§.41 to 29.74. Similarly, the
TN and TP concentrations ranged Irom 6.7 to 128,96
and 0.06—1,5 mg/L. respectively. In rural areas. the BOD
concentrations ranged from 0.78 to 18.25mg/L. Simi-
larly, the TN and TP ranged from 4.8 to [1.56 and
0.07-0.65 mg/L, respectively,

@ The TN and TP concentrations are higher in urban
argas due to the infiltration of contaminated surface
water and the lowering of the groundwater levels as a
result of the Substantial increase in  groundwater
abstraction. The level of organics was higher in the
pre-monsoon season. while the level of nutrients was
higher in the post-monscon season.

e A comparison of the groundwater and surface water in
rural arcas revealed the TP concentrations to be higher
in the groundwater than in the surface water, which was
attributed to the sorption of phosphorus on iron,
aluminum or calcium compounds contained in the
surface water. which depends on the temperature, pH
and dissolved oxygen.

@ The groundwaler levels of two wells al heart ol the
municipality were found to be lower than the correspond-
ing surface water levels and are at risk of water pollution.

e Urbanization of the Kathmandu Valley has had a
significant impact in deteriorating the surface waler and
hence the groundwater water guality along the Bagmati
River Corridor. These findings should reinforce the
notion that the management of surface water and
groundwater needs to be integrated in a sustainable
development plan of groundwater systems.
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Abstract

The paper presents the application of thermal remote Sensing for mapping hydrocarbon polluted sites. This has been achieved by
mono-window algorithm for land surface temperature (LST) measurements, using multi-date band 6 data of Landsal Thematic Mupper
(TM). The emissivity, transmittance and mean atmospheric temperature were used as eritical factors o estimate LST. The changes in the
surface emissivity due to oil pollution alter the apparent temperature. which was used as a recognition element (o map out oil polluted
surfaces. The LST contrast was successfully used to map spatial distribution of hydrocarbon pollution in the Burgan Oil field area of
Kuwait. The methodology can be positively used to detect waste dumping. oil spills in oceans and porls, besides environmental

management of oil pollution at or near the land surface.
i€ 2007 Elsevier Ltd. All rights reserved.

Keywords: Thermal remote sensing; Flydrocarbon poellution: Land surface wemperature:; Gull war; Burgan oil feld: Ol lakes: Kuwait

1. Introduction

Kuwait has undergone serious environmental damage
due to the formation of “oil lakes” and hydrocarbon
surfaces created in the desert following the 1991 Gulf War.
There were 810 active wells in Kuwail out of which 730
were damaged or set ablaze during the Gull War
(Kwarteng and Al-Ajmi, 1997). The oil field fires generated
huge plumes of black smoke. which eventually settled as
soot, tarmat and tarcrete deposits (El-Baz et al., 1994), It
was estimated that 2-6 million barrels of oil burned daily.
sweeping tons of sulfur dioxide and soot into the atmo-
sphere (Kwarteng and Bader. 1993).

The free flowing crude oil spilled over the desert surface
accumulated to form “oil lakes”. These “oil lakes™ of
Kuwail have been studied in great detail (Al-Besharah
ctal., 1992, Al-Ajmi et al., 1994; El-Baz et al., 1994: Salam,
1996, Kwarteng. 1998: Al-Dousari, 2001); these are unique
and can be considered to be one of the worst environmental
disasters of recent times. Following the end of the war. the

“Carresponding author: el +0654089204: Fax: 0655355801,
Eemanil cddress, sdin@ kisvedukw (8. ud din).

0301-4797/§ - see front matter @ 2007 Elsevier Ltd, All rights reserved.
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damage assessment and reclamation programs were
initiated. The Kuwait Oil Company and Kuwait Petroleum
Corporation carried out the oil recovery to reduce impact
of spilled oil on the local environment. A considerable part
of lighter hydrocarbon fraction had evaporated. while the
remaining fraction in liquid form was partially recovered.
The scars of the damage caused by the spillage of oil
remained as soot, tarmats and tarcrele. which are un-
recovered denser hvdrocarbon [ractions.

The tarcrete, tramats and soot, that allected the under-
lying soil were subjected to bioremediation which succeeded
at places, while the leftover hydrocarbon deposits were
covered with mobile sund. This is an unhealthy addition to
the arid ecosystem of Kuwait. Over time, the harsh climatic
conditions in the Kuwail desert resulted in the onsct of
hydrocarbon degeneration (Saeed and Al-Mutairi, 2000).

Hydrocarbons on the surface eventually got mixed with
soil, and led to changes in the intrinsic properties of the
soil. which is manifested as higher land surface temperature
(LST) in post-Gull war period.

Since their formation in 1991, the surface arca covered
by the “oil lakes™, continues to shrink visibly. leading to
the suggestion that there is disappearance of oil polluted
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surfaces. However, this study provides evidence from
thermal remote sensing that the spatial spread of hydro-
carbon contaminated surface is much more than previously
reporied (Al-Besharah et al., 1992: Al-Ajmi et al., 1994;
Salam, 1996; Kwarteng, 1998). The hydrocarbon polluted
surfaces were recognized with the aid of LST contrast and

field verifications. The multi-temporal Landsat scenes of

OJune 1989, 30 May 1991, 28 February 1993. 30 August
1995 and 7 April 1998 were selected lor this study. All these
images arc cloud free and are acceptable for image
processing. The objective is mapping of spatial disposition
o' LST palttern, and correlation with oil pollution in the
Burgan O1l feld. Kuwait.

The LST monitering using remotely sensed data is a
complex process. Several researchers have developed

algorithms to calculate surface temperature using emitted

radiance (Rothery et al.. 1988; Collier et al., 1989; Becker
and Li. 1995: Richter, 1990. 1991: Gillespie et al.. 199¥:
Nichol. 1998; Urai. 2000; Liang, 2001; Qin et al., 2001;
Ou et al., 2002; Dousset and Gourmelon, 2003; Ma
et al.. 2004).

The basic premise of this study is that each material
differs in thermodynamic behavior due to difference i its
emissivity. The siliciclastics form the bulk of the surface
caver over Kuwait. However, the addition of hydrocarbens
to these siliciclastics has altered their composition. The
compositional changes are reflected as temperature varia-
tions. Landsat Thematic Mapper (TM) data ol pre-and
post-1991 Gull war have been processed to obtain the LST.
The intra-image LST variation in the sand cover was used

Fig. 3. Ground truth images of the study area. All the pictures are of April 1998 except (1) which 15 of vear 1991: (1) soot covermyg Lhe study arca ()

weathered tarerete (¢) denser tarerete deposits and (d) oil lukes.
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to map the hydrocarbon contamination in the Burgan Oil
field area (Fig. 1). Burgan Oil field area was worst affected
by the oil spillage in 1991. Approximately 90% ol
3545km” oil lakes were formed in the study area
(Kwartena. [999). Tt was. therefore, considered ideal for
this study since it is the most polluted and environmentally
challenged surface in the country.

2. Methodology

The spatio-temporal variation in the thermodynamic
properties of surface material has been mapped in order to
identify hydrocarbon polluted surfaces using Landsat TM
data. Emissivity is a strong indicator of compositional
variation in silicate minerals which make up the bulk of the
earth’s surface material. Emussivity affects the apparent

lemperature due to changes in the thermal properties of

materials (conductivity, density. capacity and inertia).
There are several algorithms proposed to estimate LST
[rom remotely sensed data. The most commion of these are
mono-window and split window methods (McClain et al.,
1983: Richter, 1990: Pearce et al., 1992: Qin el al., 2001).
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the latter is used initially to estimate sea surface tempera-
Lure.

The LST measurement is a complicated task due to high
spatio-temporal varigtion of surface emissivities and atmo-
spheric water vapor as both alfeet the thermal radiance
reaching the sensor (Liang, 2001).

In the present study. Landsat TM band 6 data with
wavelength range of 10.45-12.530 um was utilized to
estimate LST. The Landsat TM has single thermal band,
therefore the split window miethod (Sobrino et al.. 1996),
and temperature-emisstvity method (Gillespie et al., 1998),
could not be applied. For measurement of LST from
Landsat TM data, the mono-window algorithm, single-
channel algorithm. and radiative transfer equations, can be
used (Richter. 1990: Qin et al.. 2001: Jimenez-Munoz and
Sabrino, 2003: Sobrino et al.,, 2004). In this study the
algorithm proposed by Richter (1990) was considered
appropriate.

The logic for LST retrieval from satellite data is based on
the fact that ground emissivity 18 known. LST can therefore
be calculated by accounting for atmospheric correction.
Computation of atmospheric correction is a complex
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process. To simplify the process. however, upward atmo-
spheric thermal radiance and the reflected atmospheric
radiance are subtracted [rom the observed radiance at
satellite to compute brightness temperature at ground level.
The standard atmospheric profiles provided in ATCOR
program ol PCI, which is based on LOWTRAN was used
to get the atmospheric radiance for surface temperature
gstimation using band 6 data from Landsat TM.

The mono-window algorithm proposed by Qin el al.
(2001) is based on thermal radiance transfer equation to
caleulate LST, It utilizes transmittance and mean atmo-
spherie temperature to estimate LST.

The LST estimation is done considering the fact that
brightness temperature at satellite can be computed by
estimation of radiance from DN value and conversion of
radiance into brightness temperature. The radiance calcu-
lation from DN of TM data utilizes equation developed by
Markham and Barker (1986), is

[-{AJ ) Lminm =t (anté.ll *: Lmin{i.]}QDN/Qm“-. (1)

where Lg;y is the spectral radiance received at sensor, O«
the maximum DN value i.e. 255, Opy the DN value of the

3225000 {8

3200000 {808

3130000
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ememe—————

selected pixel ie. it can be anywhere between () to 255,
Liningy and Ly are minimum and maximum spectral
radiance for Opxn =0 and Oy, = 255.

The ATCOR Program ol PCI uses the constants defined
by Schneider and Mauser (1996). where the average
wavelength for Landsat TM Band 6 is taken as
FLATS pm. Loy = 0.1238 mW em st um~' for DN
value 0 and Ly = [.56mWem “st™ ' um™! for DN
value 255. Substituting these values in Eq. (1):

Ly = 0.1238(1.56 — 0.1238/255) Oy
Lz = 0.1238 + 0.005632156 Qpy- (2)

The brightness temperature correction for true LST is
based on radiative transfer equation (Hurtado et al., 1996).
The coneept accounts for thermal emittance from an object
in accordance with the blackbody theory, which states that

Cy

‘;—D(C{'?'Ju? Fla I) (

BufT) =

where B;y(T) is the spectral radiance of blackbody measured
in WmZsr ' pum ™', 7 the wavelength in meter, C; and C»
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Fig. 3. (a) Landsat 1M false color composite bands 4, 2 and 7, (path-row) 165-040 over study area (28 February 1993) and (b) land surlace temperature

image aver the shudy area (28 Febroary 1003).
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are  spectral constants. €y = 1.19104356 x 107" Wm?,
Ch = 1.4387685 x 10* um 'K, and 7 is the temperature (“K).

This concept of blackbody is theoretical. In real life
situations, materials evervwhere do not behave as black-
bodies because of their emissivity:

Emissivity = F,/F),,

where F; is the radiant flux exiting a real world body and F,
the radiant flux exiting a black body.

Since the materials in the study area do not behave as
blackbodies. emissivities are to be considered which will
account for emiltence by atmospheric absorption and
reflection.

The LST estimates take into account the upward and
downward atmospheric radiances. The former is greater
than the latter. Their difference in clear sky is within 5°C
(Qin et al., 2001). In the present study, the emissivity for
the sand in desert environment is assumed to be 0.76, for
carbonate lithologies in study area is 0.92, and heavy oil is
(.97. The approximation is taken as

B{t{ ?-:: )= Bﬂ( T:i )- {4}

3225000488

775000 780000 785000 790000 795000 800000

Q 5 Kilometer
EET————

775000

To get LST from T, the Planck’s radiance Funciion is
linearized (Qin et al.. 2001).

Lo = a+bT,

where a and b are coefficient valid for temperature range of
0-70"C. a s —67.353351 and 6 is 0.43860.

The ATCOR program used [or estimation of the LST
assumes two surface temperatures 7., and T, with their
corresponding black body temperatures 74 and 7y, The
atmospheric correction and elevation functions are in-
cluded in ATCOR, which provide a very good approxima-
tion. The temperature images are derived from ATCORT].

3. Results and discussion

The digital image processing of Landsat TM band 6 [or
LST measurement carried out for post-1991 Gulf war
images show remarkable pattern coincident with the
surface hydrocarbon disposition in the area expressed as
variable LST within the image. The area shows an increase
in the LST as compared to pre-war image of 1989,

:Iger}'gzr:turaln
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Fig. 6. (a) Landsat TM false color composite over study arca bands 4. 2 and 7 (path-row) over study area (30 Augast 1993) und (b) land surface

temperature image over the study area (30 August 19935),
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Fig. 7. (a) Landsat TM false color composite over study area biunds 4, 2 and 7 (path-row) over study drea (7 April 1998) and (b) land surface temperature

image over the study ared (7 April 1998).

Intra-image LST variations depict oil polluted surfaces.
since the emissivity and thermodynamic behavior of oil is
different from that of soil or water. The 1989 image (Fig. 2)
shows LST dilferences due Lo different emissive properties
of the lithology and sand. The area exhibit LST variations
in the sand cover in the post-1991 Gull war images. due (o
hydrocarbon polluted surfaces formed during the 1991
Gulf war. The persistent spatial intra-image LST pattern
correlates with the oil lakes. tarmats, and soot fallout (Fig.
4-7). Selective ground truth has been carried out by
Kuwail Institute for Scientific Research (Literathy. 1992,
1993; Al Sarawi et al., 1998; Kwarteng, 1998, 1999: Al-
Dousari, 2001). The intra-image LST variations were
verified from the collated ground truth data (Fig. 3) to
verify the temperature anomalies in the images.

The seasonal and miero-climatic implications to the
‘actual temporal response of LST are beyond the scope of
this study. The intra-image LST spatial variations, rather
than temporal temperature comparison between each
image is relevant in this study. The intra-image LST
variations correlates very well with the hydrocarbon
polluted sites in the study area (Fig. 4-7). The algorithm
applied to study intra-image spatial variations in LST
shows temperature variations in 1991, 1993, 1995 and 1998
(Fig. 4-7) in the Burgan Oil Field of Kuwait. These figures
show similar LST pattern during successive years even

3735000 w*:

1zE5000
3223000
3315600
3210000
2205000

3200000

2185004 -

3100000

o PR e |
775000 780000 785000 780000 78000 400000

Q & Kilomater
EEm———

Fig. 8. A sketch map showing different pollution zones within the study
arca.
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though they were obtained at different times of the year.
The LST pattern correlates with the hydrocarbon polluted
surfaces in the study area. A sketch map is included to
show different pollution zones (Fig. 8) and location of
some ficld photographs are also marked on LST map (Fig.
9). The temporal changes have resulted in reduction of
spatial extent and pollution intensity of these zones. The
reduction in intensity is primarily due to weathering of the
hydrocarbon. leaching during rains and downward migra-
tion in summers when surface temperature is extremely
high (exceeds 50 °C).

Intra-scenc LST values are directly proportional to
pollution intensity (Fig. 10). The higher temperatures in
the LST maps indicate relatively higher pollution. It is clear
from Figs. 4-7 that the intensity of pollution and spatial
extent has reduced in successive years. This decrease is
probably due te several reasons: increase in depth of
pollutants, bioremediation, sludge recovery. leaching and
chemical alterations.

Some of the “oil lakes™” and tarcrete deposits are covered
by thin veneer of sand which has obscured them, The depth
of burial has increased over years: however. the thickness
of sand sheet has not increased in recent vears i the study
area (Saif et al., 2006). High temperatures in summer
months imparts mability to the tar and soot deposits at the
surface, and winter rains leach out hydrocarbon (raction
which percolate down with thie water (Al-Senafy et al.,
1997). Consequently. the depth of pollution observed at
several places varies from surface yeneer to maximum
depth of 4 m. -

The analyses of pre-and post-1991 Gulf war images of
study area shows a very elegant co-relation of LST with' the
spatial locations of oil lakes. tarcrete, tarmat and soot in
the Burgan oil field. Higher intra-image LST corresponds
to higher total petroleum hydrocarbon (TPH) and/or near
surface burial. Very high values are also observed over the
flaring chimneys of the oil separators, while lower LST
correlates well with lower TPH and/or deep burial and

ey v

T

780000 785000 790000 795000  EOU00

Fig. 9. Location map of some field sites on LST map,
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Fig. 10. TPH concentrations and LST in study avew:

water pits. The TPH concentration in the uncontaminated
soil varies from 7 to 20ugg™' whereas the “oil lakes”
shows 4 TPH concentration of around 25000 pg g~ These
“o0il lakes™ correspond to the high-temperature zones in
LST maps. The tarmats are solidified thick sludge deposits
with TPH concentration of 12.000-19.000pgg~". They
correspond to a slightly lower temperature than “oil
lakes™. There exists a good correlation between the
hydrocarbon concentrations and LST in all images.

4. Conclusion

The thermal band of Landsat TM has not been
optimally used for LST measurements, primarily due to
complexities in various algorithms. The simplified metho-
dology adopted here will be useful for mapping hydro-
carbon pollution at. and near surface, in the and
ccosystems. The adopted algorithm is based on three
critical factors: emissivily. transmittance, and mean atmo-
spheric temperature to estimate LST. The emissivity of
sand is estimated as 0.76, while for heavy oil is 0.97 in the
present study, ATCOR standard atmospheric profiles were
used [or atmespheric correction, However, Qin et al. (2001)
demonsirated that transmittance dependence of LST is
minimum in low water vapor conditions as is the case in the

study area. The possible error in estimation of the LST
is+0.9°C to 1.1°C. However, in this study the accuracy
of the actual LST estimation is nol a primary concern
since the relative LST patterns are sulfficient to identify
different hydrocarbon polluted surfaces. The actual LST
measurement and calibration 18 part of an ongoing
research.

The soil sample analyses show a very good correlation
between the TPH concentrations and the temperature
anomalies, with relatively high TPH concentrations repre-
senting higher LSTs.

It has been demonstrated in this study that LST
measurements using Landsat TM data can be useful in
mapping oil poliuted surfaces as a result of changes in the
emissivity of the sand surlace. The methodology presented
in this paper can be adopted for detecting oil polluted
surfaces on land and as spills in oceans and near the ports.
The technology can be used for quick monitoring of
spatially large areas, using similar algorithm for other
satellite data, where the temporal coverage is quick. An
important application can be in near real time monitoring
of oil spills. The elfect of darkness will not affect the LST
observations, so waste dumping during night-time can be
easily identified for pollution control and environmental
management.



614 S ud din et wl. [/ Journal of Envirommental Managenment 86 [2008) 605615

Acknowledgements

Authors are extremely thankful to the anonymous
reviewers who suggested critical modification to the
manugeript for making it more useful. Authors are
thankful to management of Kuwail Institute for Scientific
Research for supporting the present study (EMO037K).
Thankg are also due to Mr. A. Jacob for providing some
excellent photographs.

References

ALAjmi, Do Misak, R, Khalal, F.I., Al-Suduirawi, M,, Al-Dousari,
AM. 1994, Damage assessment of the desert and coastal environ-

ment ol Kuwiait by remote sensing (VTO0LC). Report no.
KISR 4405, Kuwait Institute lor Scientific Research. Kuwait
(unpublished).

Al-Besharah, 1., Salman, M. Al-Matrook, F_, 1992, Characterization and
guantification of reclaimable oil from oil lakes formed in Kuwait oil
fields. Report No. 4081, Kuowail Institute for Scientific Research,
Kuowait.

Al-Dousari. A, 2001, Analysis of change in the tarcrete layer on the
desert surface of kuwait using satellite imagery and cell-based
modeling. Ph.D. Thesis Remote Sensing and GIS, Boston University
{unpublished),

Al-Sarawi, M. Massoud. M.S. Al-Abdali, F.. 1998, Preliminary
Assessment of oil contamination levels in soils contaminatled with oil
lakes in the Greater Burgan oil fields, Kuwait, Water, Air and Soil
Pollution 106, 493-504.

Al-Senafy, M.N., Viswanathan, M. N., Senav, Y., Sumait. A.. 1997. Sail
contamination [rom oil lukes in northern Kuwait. Journal of Soil
Contamination 6 (3), 481494,

Becker, F., Li, Z., 1995, Surface temperature and emissivity at various
seales: definition. measurement and related problems. Remote Sensing
Revisws 12, 225-253,

Collier, P.. Runacres; AcM.E., McClatchey, J., 1989. Mapping of very
low surface temperatures in the Scottish Highlands using NOAA
AVHRR data. International Journal o Remote Sensing 10 (9).
15191529,

Dousset, B., Gourmelon, F.. 2003, Satellite multi-sensor data analysis of
urbann surface temperatures and landeover. ISPRS Journal of
Photogrammetry and Remote Sensing 58, 43-54.

El-Baz, F,, Abuelgasim. A, Koch. M., Pax-Lenney. M.. Lambin, E., Al
Doasari, A.. Marr. P.. Ryherd. S., Morency, R 1994, Detection
by satellite images of environmental change due to the Gulf War,
In: El-Baz. F., Makhuarita, RM. (Eds.), The Gulf War and the
Environment, Gordon and Breach Science Publishers. Lausunne,
pp. |24

Gillespie, A.R., Rokugawa. S.. Matsunaga. T.. Cothern. J.. Hook, S.
Khale. A., 1998, A temperature and emissivity separation algorithm
for advanced spaceborne thermal emission and reflection radiometer
(ASTER) images, IEEE Transaction of Geoscience and Remote
Sensing 30, 1113-1126.

Hurtado. E. Vidal. A.. Caselles. V.. 1996, Comparison of two atmo-
spherie correction methods for Landsat TM thermal band. Interna-
tional Journal of Remote Sensing 17, 237247,

Jimenez-Munoz, J.C.. Sobrino, LA., 2003. A generalized single channel
method for retrieving land surface temperature from remote sensing
dita,  Journal  of  Geophysical Research 108 (Doi:10.1029/
2003)12003480),

Kwarteng. AY.. 1998 Multitemporal remote sensing data analysis
of  Kuwait's  oil  lakes, Environmem Internatiomal 24 (1/2)
121137,

Kwarteng. A Y., 1999, Remote sensing assessment of oil lakes and oil-
polluted surfaces at the Greater Burgan oil field, Kuwait. International

Journal of App!ied Earth Observation and Geoinformation | (1)
3647,

Kwarteng, AY., Al-Ajmi, D.. 1997, Satellite Remote Sensing Apphen-
tions in the State of Kuwait, Kuwait Institute for Scientific Research,
Kuwait. 101pp.

Kwarteng. AY., Bader, T-A.. 1993, Using satellite data fo monitor the
1991 Kuwait oil fires. Arabiun Journal of Science ind Engincering 18,
95-115.

Liang, S.. 2001. An optimization algorithm lor separating land surface
temperature and emissiyity from multispectral thermal  infrared
imagery, IEEE Transcatons on Geoscience and Remole Sensing 34
(2). 264 274.

Literathy, P.. 1992, Environmental consequences of the Gull War in
Kuwait: Impact on water resources. Water Science lechnology 6.
21-30.

Litherathy. P.. 1993, Considerations lor assessment of environmental
consequences of the 1991 Gulf War. Marmne Pollution Bulletin 27.
349-356.

Ma, Y.. Menenti. M., Tsukamoto. O, Ishikawa. H.. Wang, 1., Gao. Q..
2004, Remote Sensing paramelerization of regional land surface heal
fluxes over arid area in northwestern China. Journal of Arid
Environmenlts 57, 117-133,

MeClain, E.P,, Pichel, W.G.. Walton, C.C.. 1985. Comparative perfor-
munce of AVHRR-based multichannel sea surface temperatures,
Tournal of Geophysical Research 90, 1138711601

Markham, B.L.. Barker, J.L. 198, Landsat MSS and TM
post calibration dynamic ranges. almospheric  reflectance  und
ut satellite temperature.  EOSAT  Landsat Technical Notes |,
Earth  Observation Satellite Company, Lanham. Maryvland.
pp. 3-8,

Nichol, J.E.. 1998, Visualisation of urban temperatures derived from
satellite images. Tnternational Journal of Remote Sensing 19 (9},
1639 1649,

Ou. 5.C., Chen. Y.. Liou, K.N.. Cosh, M., Brutsaert, W., 2002, Satellite
remote sensing of land surface temperatures: application of the
atmospheric correction method and split window technique to data
ol ARM-SGP site. International Journal of Remote Sensing 23 (24).
S177-3192,

Pearce. AJF., Prata, AL, Manning, C.R.. 1992, Comparison of NOAA/
AVHRR-2 sea surface temperatures with surface measurements
in coastal waters. International Journal of Remote Sensing 10,
3732

Qin. Z., Karnieli, A,, Berliner. P.. 2001, A mono-window algorithm for
retrieving land surface temperature from Landsat TM data an dits
application (o the lsrael—Egypt border region, Inlernational Journal
of Remote Sensing 22 (18), 37193746,

Richter, R., 1990, A fast atmospheric correction algorithm applicd
to Landsat TM, International Journal of Remote Sensing 11,
159-166:

Richter, R.. 1991, Atmospheric Correction of Landsat TM, MSS, and
SPOT Images: ATCOR Users Manual, DLR-1B 332-14/90. Oberp-
faffenhofen: German Aerospace Research Fstablishment {httpi!
www.rese.ch/ateor‘ateor_paper.htm] |

Rothery, DAL, Franeis, PW.. Wood, CAL 1988, Voleano monitoring
using short wavelength infrared data from satellites. Journal of
Geophysical Research 93 (BT), 79938008,

Saged. T.. Al-Mutairt. M., 2000, Comparative compesition of palycyclic
aromatic hydrocarbons (PAHs) in the sea water soluble fractions of
different Kuwaiti crude oils. Advances in Environmental Research 4.
141145,

Salam. ALLAL, [996, The oil lakes environment disaster. In: A. Al-Awadi,
MUT: Balba, € Kamizawa (Eds.), Proceedings. Symposium  on
Restoration and Rehubilitation of the Desert Envirenment, Elsevier
Scientific Publishing Co., Amsterdam, pp, 117137,

Saif. uddin., Al-Dousari, A., Al-Ghadban, A.N.. Aritoshi. M., 2006, Use
of intérferometric techniques Tor detecting subsidence in the oil [elds
of Kuwait using synthetic aperture radar data. Journal ol Petreleum
Seience and Engineering 30 (1), 1-10.



8w din e el | Jowenal of Envirommental Management 86 (2008 ) 0036135 fl3

Schneider, K., Mauser, W, [990. Processing dnd deeuracy of Lindsat T™M
data [or 1ake surfice emperatire measurement. International Journal
ol Remote Sensing 16, 21112124

Sobrino, J.A., Li, Z.L.. Stoll, M.P., Becker, F.. 1996, Multi-channel and
il angle algontm lor estimating seu and lund surluce temperature

with ASTER data. International Journal of Remaote Sensing 17 (11).

2089-2114,

Sobrine, LA Jimenez-Munoz. 1C.. Paohni, L., 2004, Land surfuce
temperature retrieval from Landsat TM 5 Remote Sensing of
Environment 90, 434440,

Urai. M. 20000 Voleano  monitoring  with  Landsal  TM
short-wave infrared bands: The [990-1994 eruption of Ulnzen
Voleano, Japan. International Journal of Remole Sensing 21 (3).
R61-872.



Journal of Environmental Management 86 (2008) 616-626

Jeuesal af

Environmental
Management

wivw elsevier.comlocate jenviman

Environmental restoration of invaded ecosystems:
How much versus how often?

Ram Ranjan

Iternationad Agriculiaral Trade and Policy Center, Departinent af Food aned Resolirce. Ecodomics, University of Florida. 1154

Received 6 Muarch 20006; received in revised form 3 December 2006 aceepted 12 Deceniber 2006
Available anline 6 Februury 2007

Abstract

I'his paper derives the optimal level ol restorative efTorts reguired (0 restore environments degraded by invasive species invasion,
Specific attention s focused on a case when restoration faces the sk of filure through relapse of the restored environment cansed by
repeat invasions, The level of restored environment may also play a vole in its Tuture improvement or susceptibility 1o [ailure, The
tradeol! between the optimal level of environmental quality and number of restorative efforts required to attain that mven environmental

quality is highlighted.
2007 Elsevier Ltd. Al righty reserved.

Kevwardy: Environmental restoration; Resilience; Restoration [ilure: Invasive species

1. Introduction

Imvasive species are a noticeable source of biodiversity
degradation (Glowlka et al., 1994), Lately. invasive species
have become a subject ol widespread concern due to the
enormous economic and environmental damages that they
milict upon sociely (Pimentel et al.. 1991. 2000). While a
number of options exist Lo prevent the advent of invasive
species. none ol them are [oolprool. Once the species have
invaded a given eco-system, steps could be taken to either
control them in part or eradicate them. However. it is
rarely economically or physically viable to eradicate them,.
Yet, in mast cases the invaded enviconment could be
restored Lo a certain extent i order that seciety may
continue to derive economic and environmenlal services
lrom it.

Recent studics on the economics ol imvasive species
management mclude those by Shogren (2000, Knowler
and Barbier (2000), Olson and Roy (2002), Eiswerth and
Van Kooten (2002), Perrings (2003), Eiswerth und Johnson
(2002). Perrings (2002), Horan et al, (2002). Rouget el al.
(2004). Settle and Shogren (2002). Van Wilgen et al. (2004).
ete. While these studies focus mostly on the optimal

“Tél,: L3352 3920881 326: fax: + 3323929898,
Eamail addvess: yranjanio ifusufledu.

U301-4797/5 - see front matter © 2007 Elsevier Lid All rights reserved.
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combination ol prevention and control oplions. one
possible option 15 1o take restoration measures Lo bring
the invaded ecco-system close to its pre-invaded state
through control ol the pest population and recovery ol
the eroded environment. Eradication can also be consid-
ered as an option. though as an extreme lorm ol
restoration. Restoration may be more relevant [or recovery
of habitats such as grasslands. lakes. wetlands, ete.. which
provide environmental services (o the society in their un-
invaded states.

This paper looks at the important issue of the extent of
optimal restoration of an invaded environment that
provides economic amenities to society, but is faced with
the threat of repeated invasions.' Possibility of re-invasion,
which might lead to failure of the restoration project. is
considered. While it is possible tor a restoration project to
[l independently of any invasion. this possibility is ruled
oul here to concentrate on the issue of fatlures caused by
repeated invasions only. This also allows us to focus on the
importanl issue ol extent ol restoration when the risk of
failure may be related to the level of restoration. I is
possible for restoration projects 1o fail due Lo many reasons
thitt are not invasive specics related. However, such risks

"The fevel of ameniiics depends upon the level ol environmental quality,
which it would be affected by the extent of restaration,
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only enter as an exogenous parameter if incorperated
within our model and do not add any additional insight
over the key question of building positive stock of resilient
biodiversity.

Current work on restoring invaded ecosystems has been
mostly confined to the field of restoration ecology. Yet.
there are significant issues of cconomic importance that
come into play while deciding the extent ol restoration.
Total restoration may neither be feasible nor desirable for
most invaded ecosystems due to the high costs associated
with achieving and maintaining them. Further, restored
eco-systems [ace the risk ol falling back into degraded
states from repeated invasions. Therefore. restoration
efforts that do net incorporate this possibility of failure
are bound to lead to inefficient outcomes. Mosl restoration
efforts; alter the imitial investment, require substantial
subsequent efforts to constantly monitor and fight the
invasives for sustained periods of time. This is an essential
feature of restorative efforts that are specifically targeted
against repeated invasions. The restored environmenl may
face continuous threats from repeated invasion even as
restoration efforts are underway.”

Experimental work on restoration ecology has revealed
that degraded eco-systems may be resilient to restoration
efforts owing to changes in landscape connectivity and
changes in native species pools [rom invasion by exotics
(Suding et al., 2004). Suding et al. point out that under-
standing the nature of feedback between the abiotic and
biotic factors in the degraded state of the environment is
cricial for the success ol restoration projects. For instance.
biotic factors and abiotic factors may interact in the post-
invasion scenario reinforcing each other in such a fashion
that reverting back to the pristine state becomes difficult,
See Suding et al. for some examples on this interaction.
These leedbacks often lead 1o degraded states that are
resilient to restorative efforts. By simply restoring the
abiotic factors and omitting the biotic factors. the pristine
level of environmental quality may not be achieved. In such
cases, either due to loss of dominant species. or significant
changes in the environment, there is 4 regime change which
is non-linear in nature and which might exhibit hysteresis
(Mayer and Rietkerk. 2004 and references Lherein). Suding
et al. cite several reasons for this resilience effect seen in
degraded environments. These include the “species elfeets’
trophic interactions’ and ‘landscape connectivity. The
species effect oceurs when the new species has changed
the characteristics of the invaded environment in its favor
(and against the native species) eventually carving out a
niche for itsell, Thus, by doing so it makes the degraded
enviromment much more resilient to restoration efforts.
One case 18 Lhat of grasses in Hawait woodlands that make
the environment fire prone by altering the nitrogen cycle,
thus eliminating the native shrubs (Suding et al.. 2004).
Similarly. habitat destruction can cause a reduction in the

TEar example, invasive plint species may sutvive through the next
seasun trough thedr seeds. wiueh may be hard to eliminate.

native seed-source, thus making the restoration of the
native species much more difficult. Finally. trophic inter-
actions between the herbivores in the Savannas have led Lo
the replacement of the woody grasses with the inedible
mvasive shrubs. In fact, most systems that exhibit Strong or
moderate abiotic regimes, such as arid grasslands. range-
lands. wetlands, etc. are prone to regime shifts that lead to
resilience in restoration (Didham et al., 2003).

A crucial economie issue is then over the extent of
restorative efforts to be undertaken per period when the
environment exhibits resilience and the risk of failure of
restoration projects is real. For instance. invasive species
that make grasslands more prone to frequent fires may be
countered by planting other species that compete with
them and are also less prone to frequent fires. However, in
case of a fire break-out species of both kinds would get
eliminated, thereby negating all the previous efforts of
restoration. Another related issue is over the level of
restorative efforts when risks are stock dependent. In the
above case, the more the species of fire-resistant kind are
planted: the lower would be the risk of failure of restorative
elforts. Further, higher stock of fire-resistant species may
exhibit stock-dependent resilience, i.e., once a threshold
level ol fire-resistant species has been reached, there may be
a sharp decline in the level of other restorative efforts
required to preserve the level of restored environment.

Restoration and resilience improving measures under
risk have been found to be at the center of issues that
concern invaded ecosystems in the ecology literature.
However. these issues also make the economic analysis
fairlv. complicated, as the non-linear attributes ol the
ecological processes must be included in a traditional cost-
benefit approach. Currently there are very few known
applications of restoration risks on invasives species in the
economics literature. For instance se¢ Hatzistahis et al.
(1998).

In this paper. a model of environmental restoration is
designed that incorporates the risk and resilience effects
assoctated with environmental restoration. The issue of
how much restoration effort to undertake is then looked at
in an inter-temporal cost-benefit analysis setting. When risk
of failure may be stock dependent. the question of how
much restoration versus how often becomes relevant. as the
costs of continual but lower restoration must be weighed
against the costs of less {requent but larger restorative
elTorts leading to a higher environmental quality. This also
determines under what circumstances 4 more resilient state
is desirable given the higher costs associated with its
attainment. The literature on the management ol ecosys-
tems faced with non-lincar dvnamics and reginic changes
provides guidance over choice of consumption paths and
control efforts that might prevent costly reversals Itom one
state to another (Maler et al,, 2003). This paper extends
that analysis and applies to the case of invaded ecogystems
and their restoration when multiple equilibria arc possible.
Significantly. valuable insights are derived over the optimal
level of restoration of invaded environments faced with
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threats of repeated nvasion, the risk of which might be
stock-dependent. The model also provides insights into the
tradecoff between the levels of restoration and the time
required to attain it. Numerical simulations reinforce these
analyses.

The paper first starts with a deterministic model, where
restoration etforts are not faced with the threat of fatlure.
in order 1o understand the role of resilience associated with
environmental restoration. The analysis delves into the
existence of multiple equilibria with respect to environ-
mental restoration. Next, risk of [ailure is introduced into
the model. Finally. the tradeoff between the level of
restoration and the frequency of failure of restoration is
taken up in the above setting.

2. Basic model

Consider a degraded environment that could provide
recreational and environmental benefits upon restoration.
The stock of environmental quality (¢) evolves as

o

g=al+n — dg. (1)

q
g+ b

Environmental quality stock ¢ improves from restora-
tion efforts net of any natural rate of decay 4. The amount
of environmental quality lost to decay increases as the level
ol environmental quality improves. This assumption is
made in order (o make unlimited improvements in
environmental quality difficult.’ Furthermore. it also
captures the fragile balance that certain complex ecosys-
tems like wetlands and lakes exhibit and which are prone to
degradation from slightest perturbations caused by human
and natural forces.® For instance. the restoration of
Florida everglades requires amongst other things introduc-
tion ol native species and restoration of water flow to
prevent decay ol vegetation, ete. It is likely that as the
quality of restoration is improved through an increase in
stock of native species, a larger quantity of the same would
get lost from the stagnating vegetation il water flow is not
improved.

There may be multiple options available for restoration:
but in order to simplify things, we assume that it is possible
Lo combine these options together into a single restoration
variable (/). The choice of a single restorative variable is
justifiable in the sense that in most cases restorative efforts
do not necessarily have to add in environmental stock rom
outside. Most of the time restorative efforts are simply
about removing the cause of trouble. Even the degraded

At also allows us to explore steady-stute properties of the systeis, When
the decay parameter is absent from Eq. (1). it is possible to make unlimited
improvements in cnvironmental quality. However. siluations where the
costs of restoration are signiticant and the time horizon not too long, the
net benefits: from the environment would converge. thus making an
expetied cost-benefit analysis feasible.

“For mstance, Keohane et al. (2000) imcorporate both natural decay and
recavery of the environment while modeling the optimal restoration
prn'n]\:m.

environments may have a capacily (o grow back to their
full potential, but are often overshadowed by the negative
forces such as pests that cause its degradation through a
complex interaction with natural forces such as [firc.
droughts. floods. discases. ete. One particular example is
the case of Buffel grass invasion in Queensland. Australia

these native species. and the more fire-infested (he
surrounding gets, the higher is the density of Bullel grass
over time. Thus. in a positive leedback relationship with
fire and the native specics, Buffel grass has been able to
replace most of these native species over time (Butler and
Fairfax. 2003). Other examples of models involving
resilience in grasslands can be found in Perrings and
Walker (1997, 2004).

% is a parameter that transforms restoration efforts into
stock of environmental quality. The second term on the
right-hand side in Eq. (1) captures a sharp upward jump
exhibited in environmental quality once a threshold level is
crossed. This term captures the resilience aspect of
degraded ecosystems. Conventionally. resilience has been
defined in two ways in the ecology literature. First one,
termed as the ‘engineering resilience’ defines it as the speed
ol bouncing back of any perturbed system (Pimm. 1984).
The other one, termed the ‘ecological resilience’, is about
the amount of stress that the system can tolerate beflore
flipping [from 1ts original state to another stable but
degraded state (Holling and Meffe. 1996: Carpenter and
Cottingham, 1997). In certain cascs a system might both be
resistant and resilient to external shocks. Resistanee in the
literature is defined as the ability ol the system to sustain a
shock while remaining unchanged. as compared to
resilience, which refers to its ability o revert back to the
original state.

In this paper we [lollow the ‘ecological resilience’
definition to model the impact of restoration, Parameters
. a and b define the rate and magnitude of this effect.
Restoration induced jump in environmental quality is
defined in a positive sense here, as beyond a certain
threshold of environmental resteration the environment
shifts into a better state and is more responsive to
restoration efforts. Alternatively. this formulation man-
dates that a willful restorative perturbation in environ-
mental quality would not lead a system out of 118 degraded
state unless some threshold is crossed. Consequently,
resilience here is defined in terms of an improvement in
the ability of the system. through enhanced biodiversity or
other possible changes, to fight back invasive species and
remain uninvaded. Maler et al. (2003) use the functional
form as in Egs. (1) and (2) in their paper to model the
negative impact of a pollutant such as an input ol
phosphorous in a lake which could lead to hysteresis effcet
once a threshold level of the stock of phosphorous ig
crossed. In this paper. however, we have used the same
functional form to model resilience effect. With an inerease
in the stock of environmental quality stock (g). it is the
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restored environment that exhibits Failure or resistance to
revert back and therefore becomes resilient.

Instantancous benefits m(q) are derived from environ-
mental quality.” The cost of restoration ¢(/) is convex in
restorative efforts, thus making unlimited restoration
prohibitive. Let pu be the shadow price of environmental
quality and r the social discount rate. Here we assume that
the time horizon of the inter-temporal optimization
problem is infinite. The results of this analysis could also
be applied to restoration projects with « finite time horizon
as long as the discount rate is positive. Society maximizes
benefits from environmental quality net of restoration costs
as

h

Max/ {mlg) — elD}e "ds (2)
Jo

subject to the constraints posed on environmental quality

evolution as given by Eq. (1). The current value Hamilto-
nian (cvh) is written as

evh = m(yg) — o(l) + p (cz! + ::_ 5 6:,!). (3)
q*+ !

First-order condition with respect Lo restorative efforts
implies that per unit cost of restoration must be equated to
the shadow value of that marginal unit of restoration:

(! :
- )
b
Co-state variable jt evolves as
z byt
jt=—ni'(g) +(r+&p — ;t&’up (5)
(g 4 h)y
From (4) and (5), the time path of restorative efforts
could be derived as
. . ot |
i m! (g)e v -:“(F) (r L teby .w). )
ey () (g + b)

In a steady stute, restorative efforts and environmental
quality are held constant. From (1) to (6) we get

’I{Iﬂ .
g = dy,
al + D o4 @
' (¢q) () ( _ M) (8)
c.:.r({) (.H({} (qﬂ + b]2 .«-

Eqgs. (7) and (8) define a relationship between environ-
mental quality and restorative efforts, which could be
solved to derive their steady-state values. The isoclines for
which the levels of restorative effort and environmental
quality are constant are represented in Fig, 1 below.”

*T'hese benefits are ecological benefits that do not deplete from public
consumphion, Eeosystems such as grasslands, forests and fisheries are also
subjected to-direct i‘mr\;‘csls that lead 10.3 reduction in the cuvi.ronmcnral
stoek, This has not been modeled here as the primary goal of restoration
mav nol be immediate consumption in most coses.

6T’J.1r: slmp_es of the cost ind henefit curves ire iss umed to be non-lingar,
the relevant parameters of which are shown in Appendix Al

3 4=0
1.5 | .
i=0
y = Lo e (1
g v
g “N\U
§ Uf
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Fig. |, Steady-state levels of environmental quality-and restoration.
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Fig. 2. A gase of resilient steady state (high stock benefirs).

Note that there exist three possible equilibria L. U/ and
R. the low. middle and the high environmental qualities.
respectively. Of the three. the low and the high equilibria
are the stable ones with the middle one being unstable. The
resilience effect 1s depicted by a jump in environmental
quality once environmental quality crosses the threshold
given by the crest in the ¢ = 0 curve. The state below this
threshold is the degraded state. Also note that R is the
resilient equilibrium as environmental quality can be
reduced significantly without letting the system flip back
to the low-quality steady state. The threshold, below which
environmental quality falls into the ‘degraded’ state. is
given by region on the right-hand side of the unsiable
equilibrium. The state left to this threshold is the high-
quality state or the resilient state. The “high equilibrium’.
which is the resilient state, may not be possible (o reach
from a degraded state 1 all cases. I benefits trom
environmental restoration are lower Lhan he costy
incurred. or if the discount rate is high. or if the resilience
cffect is not very significant, the high equilibrium may not
be desirable. Similarly, the low equilibrium may not be
desirable under certain circumstances. Fig. 2 depiets a case
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where benefits of restoration cxceed their costs, thus
leading to high equilibrium as the only possibility.

The effect from varying discount rate is depictled in Fig. 3
below. As the discount rate increases, only equilibrium that
is posgible is the low environmental quality one. whereas.
with low discounting high quality is the only possible
equilibrium. Consequently. time preferences play an
mportant role in deciding the level of environmental
restoration.,

2.1, Restoration with relapse

One issue that restoration projects are faced with is the
relapse of restored ecosystems into their original degraded
states. This could be caused by a number of factors such as
renewed infestations which could be seasonal, climate-
induced or man-made. Further. once the system flips back
into the degraded state. restoration has Lo start all over
again as environmental quality built up in the past is gone.
This possibility is explored next. The methodology used for
modeling the risk of invasion in this system is that of a
Poisson process, based upon the work ol Clarke and Reed
(1994), Reed (1988) and Reed and Heras (1992). Further,
Knowler and Barbier (2005) have applied this approach to
model invasive species management under uncertainty.

In each time period. assume that the restored environ-
menl {aces an instantaneous probability of failure denoted
as p. The timing of failure is defined as a random variable,
and for tractability assume that this variable has a Poisson
distribution. Conditional on failure having not yel
occurred. the probability of failure in any interval ds is
pds where

o
/ pds = A1), (9)
Jo

[f 718 a stochastic variable that represents the time of

failure, the cumulative probability density function for

35
3t
- g=0
S aF  1=0,,=0005 I=0, r=0,005
g
g 1.5 .
=0, r=0.058
l .
i=0.r=0.08
05 b
2 4 6 8 10

environmental guality

Fig, 3. Restorative effort isoclines for various discount rates. Note: In the
above figure, there are three isoclines pertaining (o three different discount
rates. The wsoclines Tor the discount rate (005 are split into two parts.
whereas the isaclines for higher levels ol discounl rates (.05 and .08) are
continuous,

failure is F(#)=Pr(T<t) and F(t) = l—e . given the
Poisson specification. The survivor function is S(r) =
Pr(T>1t) =1 — F(t) which is defined as the probability of
project survival up to time period 1.

The manager is faced with the challenge of incorporating
such possibilities into her optimization framework. The
manager’s task is to maximize her long-term value K(gp).
starting with an initial level of quality ¢ as

ok o

Vigg) = Max / (mlq) — e(l) + pV{qo)e0"de (10)

Jo
subject to (1), where p is the constant hazard rale of
mvasion characterized by a Poisson process. In Eq. (10),
the term pVigo)e ™. when integrated up to infinity,
captures the expected value from the system flipping back
into the original state at time 7 and the manager having to
start all over again. Vl(g,) represents the value function
from starting all over again from the initial level of
environmental quality ¢y. Eq. (10) in its extended form can
be re-written us

Vigy) = Max [/ (mlg) — e(hy)e ™" dy
el ]

+/ (pV{gy)e 0" d!}. (11)
S0

given that A(r) = pt. the above relation can be further
simplified as

- o Ay - I
Vigy) = Max / (m(y) — e(hye " "dr+pb (_qr_,]:p.

Jo
(12)
Eq. (12) reduces to
V(gy) = ﬂMax / (m(g) — c(e*""dr. (13)
r Ju

Setting up the current value Hamiltonian for the above
problem, we get

i el a
(n(g) — c(l)je 0 % 3 L_’(:d e | - O'q). (14)

g*+b

where ¢ 18 the shadow price ol environmental quality
The first-order condition with respect to restorative
effort vields

(15)

P R
E=—de 22
= ;
Let e’ = B. be the adjusted shadow price of environ-
mental quality. The rate of evolution of the shadow price is
determined by the no-arbitrage condition as

. P o e S
E=—ml'(q)e™ recp + E(—q R ol =0+ r-). (16)
r (q*+b)y
Therefore, the rate of change of the adjusted shadow
price fi is given by

; . rp abg"~! . -
ﬁ:-—m(q]%—i—ﬁ(—q ) 1+o+f'+p). (17)

(g* +0)
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In steady state, f}: 0. implying
= m'(g) r+p
(—iabg” ' [g* + 0P ) +0+r+p) r

Substituting for ff from (13) above. we get the steady-
state relationship between restoration efforts and environ-
mental guality ay

(18)

m' (g
(=nlabg= J(gt + b)Yy + 5+ r+p)

Note that in the no-risk case derived belore, the steady-
state evaluation of Eq. (6) would yield

)= (19)

Ay = B . (20)
(—nlabg®=! [(g* + b)) + 6 + )

Eq. (20) is similar to Eq. (19) except for the extra term p
mn the denominator of Eq. (19). When restoration efforts
are faced with an ever-present constant exogenous risk of
invasion, this risk acts as an additional discounting term.
Consequently, the above analysis reveals that the steady-
state restorative efforts would be lower in the case when
there is a risk of relapse as compared to no-risk case.

Note that in the above Egs. (19) and (20); the increment
in resilience [rom a change in stock serves as an adjustment
to the discount rate which is lurther augmented by the
natural rate of decay of environmental quality. From the
way this resilience effect has been specified in the model,
some interesting implications can be deduced for the
optimal restoration path. The level of environmental
quality shows a sharp jump upwards once a certain
threshold level has been reached. This can be discerned
from Fig. 4 below where once point A has been reached the
next possible level of environmental quality is above point
B, as points A and B both correspond to the same level of
environmental guality. Due to this reason. as long as
environmental quality is [ower than this threshold. the

2 b §=0
1.5 A
3 B
£ 1 B =0
.5
| |

=

4 f b 10

environmental guatiry

Fig. 4 Time paths of restorative efforts from two starting levels of
cnv:r\snmuntu] qulil)-‘ when ll_}'_“zLurL".Hi&i crﬂ-.";:l is substantial = ,0_6,
=03 and ¢gy=.8 and 4.8). Now: The direction of evolution of
environmental quality from their starting levels is illustrated through the
arrows. The transition path has been solved lhrough discrete dymlmic
OpUmLZLLon using GAMS,

resilience effect will not be significant. Therefore, the
discounting effect brought by a change in resilience due 1o
enhanced environmental stock, kicks m only beyend that
threshold level of stock. As @ consequence, the change in
the optimal steady-state level of restoration effort and
environmental ‘quality from some external disturbance in
parameters would be significantly higher if the steady state
is closer to this threshold. In lay terms. the incentives for
restoration efforts are higher; the closer the system is to the
flipping threshold. Next we consider the case when rigk of
relapse may be stock dependent.

2.2, Stock-dependent risk

[n the stock dependent risk case, the relationship between
the hazard rate and environmental quality is specified as

4= plg) (21)

The value funetion can be specified as before:

le- )

Vig) = Mm{/ (mlg) — el) + pl)Vig)e " "dr (22)
Jo

which can be further expanded for a starting level of
environmental quality as

2.

Vigo) = M‘”‘/. (m(g) — (e """ di
(1}

-+ Maxf. (plg)Vigy)e™" " dt. (23)
{

Rewriting above we get

[55(m(g) — e(I)e=*""dr
(1 — [ (p(g)e)

subject to the equations of motion for the hazard function as
given by (21) and the environmental stock as given by (1). ILis
not very straightforward to analytically perform dynamic
optimization on the above problem as it is not in a standard
format: therefore, we take recourse to numerical simulations,”

V(gy) = Max* 24

"In order 1o reduce the problem into a standard framework one may deline
two niore state variables as =, and =, whose rite of change is defined as

£ = (mfg) — ethye, (25}

S = plyge™ ™", {26)
Now the above problem in Eq. (23) reduces to:

|

(1 —=z2)

Vigy) = Maximize (27)
subject 10 g =aof+ 'ff_rl% — g, e plg) 2= tmly) — e A= und
2 = plg)e ™. The current value Hamiltonian of the above problem thal
would maximize Fgy) is defined as

S 7 S L—Jf + 7aply)
(Rl 10+l
Frammg) — el " 4y Gmlg) — (e (284

The first-order conditions along with the equations of metion for the co-state
variable would vield a time path for the restorative elforts and the
environmental quality. Though, this approach is presented here for academic
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Fig. 5. Restoration and quality levels under no-risk, constant-risk and quality stock-dependent-risk. Note: In the above figure, restoration is marked with

thicker lines whereas environmental quality is shown in thinner lines.

Fig. 4 shows the time paths of environmental quality
from a slight increase in the hysteresis effect of 5= .06
from the base case (see Appendix A for base case values)
and with a lower discount rate of r = .03. We can see that
the higher steady-state equilibrium becomes attainable as
the starting level of environmental quality increases
(gn = 4.8).

Next we compare the time paths of restorative efforts
under constant and environmental quality-dependent risk
of lailure with the no risk case. In the constant risk case.
the hazard rate is assumed to be .1, where as in the
environmental quality-dependent risk case the hazard
function is defined as

p=pyll — 3 x q(1), where py = .01 and % = .1 & ¢(1) < 10.
(29)

In the above equalion py is the constant component of
the hazard rate. Clarke and Reed (1994) refer to py as the
policy-independent component of the hazard rate. as it is
an exogenous parameter. Whereas, (1—9 x ¢(r)) is the
policy-dependent component that is endogenous to envir-
onmental quality in which 8§ is the parameter that
determines the effect of stock of environmental quality
on hazard rate. Fig, 5 shows the time paths of restorative
elforts and environmental quality under the three cases for
a starting level of environmental quality of .8. Note that
the highest level of environmental quality is attained when
there is no risk of failure. Under a constant risk of failure,
environmental quality attained is the lowest, whereas the

{footnate contimed)
interest, the numerical stmulation approach is much simpler 1o solve through

GAMS.

endogenous-risk case has a higher environmental quality
than the constant-risk case. The effect of risk is primarily to
discount the future benefits from environmental quality.
However. when the risk is stock dependent, environmental
quality is increased to capitalize on its risk reducing
impacts.

2.3. How much versus how often

When restoration projects are faced with the risk of
collapsing back into a degraded state, the question of how
much effort to put in becomes important. If the ecosystem
keeps collapsing into the degraded state time and again, il
may take a long ume before the desirable level of
environmental stock is attained. Therefore, it may happen
that systems which require a low level of restorative effort
but are faced with high risks of reversal may take a longer
time Lo reach their steady states as compared to systems
which may require a higher level of restorative effort but
are faced with a lower level of risk. Note that the risk of
project fatlure has been optimally accounted for in the
above models, meaning that the optimal restoration plan
involves choosing a restoration path that maximizes the
discounted value of expected long-term net benefits. This
expected long-term benefit incorporates the risk of failures
and subsequent efforts. However. the above models do not
say anything about the number of times the project would
fail belore a steady state is reached. The time taken to
reach the steady state when there are no setbacks to the
restoration project would differ from the case when
setbacks happen. The actual time taken 1o reach a desirable
level of environmental restoration would depend upon the
number of times relapses happen belore the goal i
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achieved. This concept is explored further in the setting of
the model described above.

Let 7% be the time it takes for the ecosystem to reach the
steady-state level of environmental quality without collap-
sing, when there is a constant risk ol reversal back Lo the
initial degraded level.” In the presence of a constant risk of
reversal, the expected time £(7%) taken to reach the steady
state would be given by

o ¥

E({"'JZ/ {8 + E(")pe ™ ds. (30)
J0

Note that in the above formulation. once the system
reverts back into the degraded state it has to start all over
again, and therefore, would take the same amount of
gxpected time thereaflter. s is the time at which the
restoration project fails, thus sending the system back to
its initial level. Also. v ranges [rom 0 to (*, and the
probability of failure is exponentially distributed with
hazard rate p. Moreover. the system (aces risk ol reversal
even after the steady state has been reached, but, by the
optimal nature of that steady state it would mean that
restorative elforts and environmental stock maximize
expected benefits at that level of nisk. Integrating the above
lerm we get

e M ) 3
E(t*)y = |—spe™™ ——— 4+ E(t)(—e™)| . (31)
b ]

Solving the ubove equation one derives the expected tme

s

Effy=——=-=1. (32)
r 2

Fig. 6 below plots the contours for E(¢*) for a range of
values of the hazard rate p and r*. Note that the expected
time taken is much higher when either ¢* or p are higher.

The case of stock-dependent risks is slightly complicated.
The time taken to reach the steady state without any
interruplions is a function of the discount rate, the marginal
benefits and costs of restoration, rate of decay of environ-
mental stock and the resilience parameter. For example, a
higher rate of discount would require o lower environmental
stock and thus would take lesser time to reach as compared
o a case when the benefits from environmental stock are
higher or the costs of restoration-are lower. Whereas, a
lower rate of discount would make the resilient state more
desirable thus requiring more time to traverse. Similarly, a
lower level of py (the constant component of the hazard rate)
would make a higher environmental quality attractive. This
is shown in Fig. 7 below, where maximum possible level of
environmental quality falls with an increase in p. However,
it can be numerically verified that the expected time to
steady state E(r*) is actually lower [or the case when pg is .1

”r\natlyticully. in most steudy-state problems it may take an infinile
amount of tme [or the sysiem (o reach the steady state. Bul. for practical
purposes. % can be ealeulated vsing dynamic optimization software such
as GAMS,
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Fig. 6. Contours of expected time (o steady stule in presence ol risk

(420 time units) as compared o the case when pg is .5 (37279
time units). That is. even though the desirable level of
environmental quality increases with a reduction in risks, the
expected time taken to reach it falls. Using a time horizon of
250), the time to reach the steady state without relapses. (%)
is 211 units for py=.1 and 162 units for py=.5. This is
because the steady-state level ol environmental quality falls
as py rises. Note that even as (7*) decreases as risk increases.
the expected time to steady state. E(r*) increases. This is so
as an increase in py also increases the number of relapses.
thus increasing the total expected time.

If the hazard rate falls sharply with a marginal increase
in the environmental stock, it would reduce the expected
number of relapses over the same period, as the expected
duration for a single relapse increases. This would have an
effect of reducing the expected time to reach Lhe steady
state. However, the mnegative effect of environmental
quality on the hazard rate would also miuke it beneficial
to strive for a higher environmental quality as the hazard
rate comprises one of the elements of adjusted discount
rate us derived in Eq. (14) above. This is shown in Fig. &
below where an increase in 3, parameter which determines
the influence of environmental quality stock on hazard
rate, leads to an increase in the maximum possible
environmental stock. It can alse be numerically verified
that the expected time to steady state, E(r*), decreases as J
increases even though the time taken to reach the steady
state without a relapse. (£*), is higher for higher levels of .

The net impact that a stock of environmental quality
could have on project success through its influence on
hazard rate is slightly complicated. On onec hand, it offers
the incentive to altain higher stock ol environmental
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Fig. 7. Environmental quality levels under varying levels of policy-independent component of the hazard rate (p,).
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Fig. &, Environmental quality levels under 3 (mu).

quality. as a higher quality yields direct utility and also
reduces the risk of relapse. On the other hand. a higher goal
for environmental stock also means that a higher restora-
tion effort is required to reach there. If costs are convex in
restoration efforts, restoration efforts may need to be
stretched over a longer period of time. Consequently. the
more time that is required for reaching the steady state. the

higher would be the expected number of relapses. There-
fore, a tradeoff between how much quahty to strive for and
how many failures in order to reach it is highlighted in the
case of stock-dependent risks of restoration.

The issue of expected time (o steady state is important (o
policy makers as one important goal of restoration prajects
is to bring the system back to a level at which it could be
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exploited for dircet economic uses. In the case when
consumption of environmental quality leads 1o a reduction
in s stock, additional restorative efforts will need 1o be
taken m order to mmntam the optimal steady-state level,

3. Conclusion

In this paper. the role ol restoration measures in
improving cavironmental quality was looked at through
the application of the concept of resilience. Oplimal
restoration  elforts  were demved  when  environmental
quality impacted the risk ol failure of restoration projects.
[t wus shown that the environmental and economic
parameters determined the desirability of the level of
resilience. and & highly resilient environment might not
always be cither feasible or desirable. '

The tradeoff between the extent of restoration and the
number of failures was derived, 1 was shown that the expected
time to reach the desirable state in the event of multiple
relapses is 4 function of both the hazard rate (p) and the time
taken to reach the steady state without @ relapse (7#%), This
relationship between p and £ 1s convex. This imphes that the
expected tme Lo steady state under the possibility of relapses
could be same for high nsks of collapse but lower ## and low
risks of collapse but a higher (%, Note that ¢* could be low due
to the influence of several factors such as the discount rate,
henefits and costs of restoration, ete. It also turned out that no
straightforward denvation of expected time te steady state is
possible when risks are stock dependent.

There exist several other challenges to restoration
projects. Some even oppose the ided of human interferences
in degraded environments. Holling and Meffe (1996) in an
infivential paper argue in favor ol natural disturbances that
help build the resilience of a system rather than human
interventions that shield it against them. Conflicling
opimions exist towards the choice of restoration tools, with
some even claiming thal exotic species themselves may play
o beneficial role in restoration ol the environment us
human interferences lead (o further disturbances (Antonio
and Meyerson. 2002). However. when restorative oplions
are available and their advantages arc clear. it may be
worthwhile to apply them. especially when the benefits
from their restoration span economic and environmental
ooods. In case of environments invaded by alien species.
the need (or restoration s an urgent one, as invasive species
pose sertous  threats ol valuuble native
ecosystems. [t must also be kept in mind that restoration
projects nved Lo incorporade longer tine horizons and
utilize the resilience effects otfered by higher levels of
cuyiromuental guality in order to be able to ward off
current and future threats of invasion.

of extinction

Appendix A

Sce Tubles Al and A2.

Tithle A1

Parameters used oy simulation

Parameters u h 7 0 i i 7 r
Vitlues t 10000 2 0 4 05 A2 05
Tahkle A2

Functional faorms of cast and benelil Junclions

nilip) =
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Abstract

Data collected from the five air-quality monitoring stations established by the Taiwan Environmental Protection Administration in
Taipei City from 1994 1o 2003 are analyzed to assess the temporal variations of air quality. Principal component anulysis (PCA) is
adopted to convert the original measuring pollutunts into fewer independent components through linear combinations while still
retaining the majority of the variance of the original data set. Two principal components (PCs) are retained together explaining 82.73%
of the total variance. PC1. which represents primary pollutants such as €O, NO,. and 8O-, shows un obvious decrease over the last 10
years. PC2. which represents secondary pollutants such as ozone. displays a yearly increase over the time period when a reduction of
primary pollutants is obvious. In order to track down the control measures put forth by the authorities, 47 days of high PM
concentrations euused by transboundary transport have been eliminated in analyzing the long-term trend of PMy, in Taipei City. The
temporal variations over the past 10 years show that the moderate peak in Os demonstrates a significant upward trend even when the
local primary pollutants have been well under control. Monthly variations of PC scores demonstrate that primary pollution is significant
from January to April, while ozone increases from April to August. The results of the yearly variations of PC scores show that PM g has
gradually shifted from a strong correlation with PCI during the early years to become more related to PC2 in recent years. This implies
that after a reduction of primary pollutants, the proportion of secondary aérosols in PM, may increase. Thus, reducing the precursor

concentrations of secondary acrosols will be an effective way to lower PM,, concentrations.

2007 Elsevier Ltd. All rights reserved.

Keywords: Pollutant trend: Primary pollutants; Secondary pollutants: Principal component analysis; PMy,

1. Introduction

Due to successful economic development leading to
dense population and an increasing number of motorized
vehicles. several cities in Taiwan are lacing the problem of
degrading air quality. The Taiwanese government imple-
mented new ambient air-quality standards in 1992, and in
recent years, various governmental agencies have dedicated
themselves (o improving air quality with obvious accom-
plishments. For example, the percentage of PSI (pollutant
standards index) greater than 100, which is adapted from
the United States Environmental Protection Agency (US
EPA) as a criterion for ambient air quality, decreased from

Corresponding anthor. Fax: + 88634221602
E-miail addresss clleetiice, neu.edutw (C-T. Lee).

0301-4707/8 - see front matter @ 2007 Elsevier Ltd, All rights reserved.
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4.01% in 1994 to 1.96% in 2003 in Taipei City. Among the
criteria pollutants, Oy and PM;, are the two major sub-
index pollutants that cause poor air quality as determined
by the PSI being greater than 100 (Taiwan EPA. 2005).
In order to improve air-quality and to assess air pollution
control measures, the variations of pollutant concentra-
tions must be understood. Generally, meteorological
changes will result in greater variations of wir pollutant
concentrations than variations of emissions. For example.
most of the daily variations in PMy concentrations in
the Netherlands are shown to be mainly caused by large-
scale meteorological processes and less by variations in
emissions (van der Wal and Janssen, 2000). In addition
to the accumulation of pollutants due to poor atmospherie
dispersion. the transboundary transport of pollutants
and secondary aerosols may contribute significantly to
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poar regional air quality. In Hong Kong. the compositions
of winter particulates show that they are mainly trans-
ported from southeastern China (Ho et al., 2003). In the
rural regions of eastern Spain, both PM; and TSP
concentrations demonstrate seasonal variations. In Eastern
Spain, the highest particulate concentration in summer Is
caused by sandstorms [rom Africa: the second highest
concentration is related Lo secondary aerosols caused by
regional ozone cpisodes (Rodriguez et al, 2002). In
Taiwan. PM,, concentrations have relatively greater
variations with high PM,, concentrations in March and
May. mainly due to the dusts brought over by the
northeastern wind from mainland China after the outbreak
of sandstorms (Yang, 2002; Lin, 2001; Chou et al.. 2005;
Lin et al., 2005).

Ozone is one of the major pollutants causing poor air
quality in Taipei City, like many of the metropolises in the
world. Ozone concentrations depend on photochemical
reactions of precursors. regional-scale horizontal transpor-
tation, stratospheric transportation, and surface subsi-
dence. as well as the titration effect (Tao et al.., 2005).
Vukovich (1994) pointed out that more than 65% of the
year-to-year variation in ozone concentrations 1§ contrib-
uted by meleorological changes. In Taipei City. the
oceurrence of high O3 concentration is always associated
with strong insolation in the morning. a rapid temperature
rise. less ¢loud cover. and/or no precipitation (Liu et al.,
1994).

Principal component analysis (PCA) has been exten-
sively used in meteorological science and air pollution
research. such as in analyzing variations of particulate
sulfate, meteorological and air-quality data, source appor-
tionment, atmospheric chemical reactions., atmospheric
dispersion, and the effect of seasonal variations on air
pollution (Henry and Hidy, 1979: Henry and Hidy. 1982).
PCA is also used in studying spatial and temporal
variations (Yu and Chang, 2001: Eder. 1989: Eder et al.,
1993; Ashbaugh et al.. 1984; Hooper and Peters, 1989:
Lehman et al., 2004). Buhr et al. (1992) applied PCA to the
analysis ol ratios ol atmospheric CO, NO,. and SO; to
determine the sources of various pollutants in order to re-
evaluate the rationality of the source inventory. Moreover,
Buhr et al, (1995) used PCA to resolve sources of NO,. and
examine the influence of various pollution sources on
ozone variations. Vukovich and Sherwell (2003) applied
PCA to the analysis ol the correlation between daily ozone
maximum concentrations (O3 ) and meteorological
p;\rumeters.

In this study, PCA is performed on the daily mean
concentrations of SOs, CO., NO,, PM 4. and O; ., 10
tdentify primary and secondary pollutants, as well as to
examine their long-term tendencies and seasonal variations

in Taipei City. In order to exclude the abnormal impact of

high PM,, events on long-term air-quality tendencies
(Hosiokangas et al.. 1999), PCA is also used to sort out
transboundary transportation, such as sandstorm events in
this study.

2. Method
2.1. Area of study

Taipei City, with a population of 2.62 million living in
272km?, is located in a basin in northern Taiwan (Fig. 1)
and is the target area of this study. With 700,000 cars and
more than 1 million motorcycles, the city has 6536
motorized vehicles per square kilometer. The emission
inventory from the Taiwan Environmental Protection
Administration (TEPAY) shows that except for the emis-
sions from three municipal incineration plants, there 18 no
significant stationary source in Taipel City; most of the CO
and NO, come from vehicle emissions which constitute
98% and 77% of the total CO and NO. emissions.
respectively.

2.2, Sources of data

TEPA established the TAQMN (Taiwan Air-Quality
Monitoring Network) in September 1993, which includes
74 monitoring stations around the island. There are five
ambient air-quality monitoring stations within Taipei City.
which are located on top of school buildings. 15 meters
above the ground. The monitoring data used in this study
include hourly values and a daily average of SO,. CO,
NO,, PMy, O;. and wind speed.

The data are collected using commercial monitoring
imstruments designated by the US EPA as an equivalent or
reference method and manuflactured by the US Thermo
Environmental Instruments. Inc. (Franklin, MA. USA).
The instruments included the following: model 43 pulsed
fluorescent SO, analyzer (EQSA-0276-009) for SO-. model
48 gas filter correlation ambient CO analyzer (RFCA-0981-
054) for CO, model 42 chemiluminescence NO-NO--NO,
analyzer (RFNA-1289-074) for NO,, model 49 UV
Photemetric Ambient O; Analyzer (EQOA-0880-047) for
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Fig. 1. Geographic locations of the five mir-quality momilering stations
{shown in dots) in Taipei City, Taiwan.
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05, and mode] 650 (formerly: Wedding & Associates) PM
Beta gauge automated particle monitor (EQPM-0391-081)
for PM . The TAQMN instruments were well operated
and maintained (o ensure data quality. Scheduled quality
control procedures included daily zero and span checks,
biweekly precision checks, quarterly multiple-point cali-
brations, and data validation. Additionally, TEPA con-
tracted an independent quality assurance program and
instrument performance audit to assure data quality.

2.3. Duata processing

In order to avoid the influence of diurnal pollutant
variations on the study and obtain spatial representation,
we calculated the average of the daily pollutant averages
obtained at all five stations [or a long-term trend study. In
addition. only daily averages with more than 16 effective
hours per day were considered valid in this study.

For the study of ozone characteristics. we adopted the
spatial average ol O3 ax. Eder et al. (1993) used O3y 10
analyze the spatial and temporal variability of ozone over
non-urban regions in the eastern US. This concept is based
on the consideration that an extreme concentration of
ozone has a much higher adverse impact on humans or the
environment. In a day. O3, gy frequently occurs between
1:00 and 3:00 p.m. when ozone distribution is rather
uniform in the boundary layer. Thus, the data collected
near the surface represent the average concentration for the
entire laver. At night. when photochemical reactions stop.
the NO emitted from motor vehicles will titrate daytime
ozone. Hence. using Oz .. instead of the daily average
will better index the seriousness of air pollution.

2.4. Statistical analysis

Factor analysis 18 useful in identifying variations of
recurring and independent modes if they exist in the data
set (Vukovich and Sherwell, 2003). In this study, we
performed PCA to determine the variation patterns of five
pollutants, i.e.. SO5, CO, NO,. PMy. and Oy, from 1994 to
2003, based on 18.250 records (5 x 3650 daily averages).
The time series plots of all the variables analyzed in this
study are shown as Fig. 2. PCA is carried out using
commercial software (Statistica Rel. 6.0, Statsoft Incorpo-
rated, 2001) installed in a personal"computer.

The main objective of PCA is to converl the original
variables into fewer independent components through
linear combinations while still retaming the majority of
the variance of the original data set. However, the exact
number of retained components remains a subject of
controversy (Lehman et al.. 2004). When conducting the
study of Oz e for non-urban regions in the eastern
United States, Eder et al. (1993) applied the Scree test.
which looks for a discontinuity in the curve defined by
plotling the percentage variance explained [or each
component m the order extracted. to retain six principal
components (PCs) with 64% cumulative variance of the
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Fig. 2. Time series of the pollutants adopted in the air-quality analysis of
Taipel City from 1994 to 2003 (1) CO, (b) SO (¢) NO,. (d) PM; and
ey O.‘. maxe

total. Vukovich and Sherwell (2003) used PCA 10 analyzc
O3 max with meteorological factors for the Baltimore-
Washington corridor and adopted the 73% variance rule
(the explained cumulative variance of retained components
exceeding 75% of the total).
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3. Results and discussion
3L Implication of the retained principal components

Table 1 lists the loadings, eigenvalues, and variances
explained of the unrotated PCs for the original data set in
this study. The first two PCs (PC1 and PC2) accumulated
81.13% variance of total. Yariances explained in the third
and fourth PCs (PC3 and PC4) were only at 9.63% and

7.91%, respectively, which are much less than 18.84% of

PC2. Since only five variables were included in the analysis.
we retained two PCs for parsimony purpose. We then
applied the orthogonal Varimax rotation of the retained
PCs to increase their independence as shown in Table 2.
After the Varimax rotation. the cumulative variance
explained by these two PCs remained at 81.13% ol the
lotal, but their variances explained become homogeneous.
and each individual component loading is maximized.
The PCI loadings of CO and NO, are 0.95 and 0.94,
respectively. Both loadings are greater than 0.9. indicating
that CO and NO, have strong positive correlations with
the PC1 (Henry and Hidy. 1982). According to the Taiwan
EPA’s emission inventory. CO and NO, in the emissions
from motor vehicles in Taipei City make up 98% and 77%.
respectively, of the total emissions (Taiwan EPA, 20035).
Thus, PC1 represents the primary pollutant contributed
from local vehicle emissions. The PCI loading of Ox .y 18
0.07: therefore, it is not related to the variance of PCI. The

Table |

The component Joadings und explained variance from principal compo-
nent analysis (PCA} of daily mean concentrutions of SO, CO. NO,.
PMy. and daily muximum concentration ol Qs (18.230 records)

PC1 pE2 PC3 PC4 PCS

S50, —(.81 0,03 .42 0.40 0.02
cO —0.91 (.28 0.23 0.02 —(1.19
O -4 —0.83 —0.28 0.10 (.01
PM, —080 =020 030 —047 0.00
NO, —0.87 036 028 —0,02 0.17
Eigenvalue 311 0.94 0,48 (.40 0.07
Varianee explained (%) 62:30 18,84 9.63 791 1.33
Cumulative varance (%) 62.30 8113 90.76 98.67  100.00

Table 2

The first two componen! loadings resulting from PCA after Varimax
rotation und explained varance for the five major air pollutanis collected
in Tuipei City from 1994 10 2003

PCl PC2
80, 0.72 037
co (.93 0.13
(- .07 0,95
PM 0.64 0.52
NO,, 0.94 (.04
Eigenvalue 273 1.33
Variance explained (%) 54.60 26.33
Cumulative variance (%) 54.60 81.13

PC2 loading ol Oi e I8 093, which represents the
contribution of photochemical reactions. The PC1 loading
0l 805 15 0.72 implyving that most SO, in Taipei City hag a
variance similar Lo CO and NO,: however, some 8O, might
be contributed by sources other than local motor vehicles.
e.g., those from neighboring Keelung City and even [rom
transboundary transportation (Chang et al., 2000; Lin.
2001: Lin et al.. 2005: Chang and Lee. 2006a). Tt should be
noted that the PCI loading of PMq is 0.64, bul its PC2
loading is slightly lower at 0.52. The PM loading in both
PC1 and PC2 indicate that in addition to local sources of
emissions. other factors such as the photochemical reac-
tions in producing secondary aerosols (Rodriguez et al..
2002). and yellow sand (Lin. 2001; Lin et al.. 2005) also
cause PM | to vary significantly.

3.2, Separation of transhoundary transport from the long-
term trend in PM

Recently. Asian sandstorms were determined to have
caused high PM,, concentrations in Taiwan (Lin, 2001; Lin
et al., 2005). In order to track down the control measures
put forth by the authorities. the transhoundary transport
of PMy, from outside sources must be eliminated from the
analysis of the long-term trend or seasonal variation of
PM g in Taipei City.

Previous results show that a significant increase of PC2
loading in PM , may indicate contributions from second-
ary aerosols produced in strong photochemical activities.
Based on our previous study (Chang and Lee, 2006b), the
O3, syux 2t 60 ppb is an appropriate index for separating low
from high photochemical activity in Taipei City. By using
this criterion. we think that the enhancement of secondary
aerosol in PMy, might be found for the level of Os
higher than 60 ppb. while less PM g is contributed from
secondary aerosol for Oy .y less than 60 ppb. Further-
more. it is noted that local pollutants tend to accumulate
under low wind speed: in contrast. the vellow sand is
transported by Mongolian high-pressure systems with
strong winds to Taiper City. Thus, scatter plots of PM g
and PC!| scores were segregated by ozone concentration
and wind speed (Fig. 3).

When the wind speed is less than I ms ™', or whent O3 max
is higher than 60ppb and the wind speed is less than
2ms~'. PM,, PCI scores are larger than for at 0.64 as
shown in Fig. 3(a). (b) and (d), and Table 2. When O .«
is less than 60ppb and the wind speed is higher than
Ims ', or when Os, 1y s higher than 60 ppb and the wind
speed is higher than 2ms ', there is a weaker correlation
between PM; and PCI scores than (or the full data set at
0.64 as shown in Fig. 3(c). (¢) and (f), and Table 2. The
correlation is the least when O5, jay is less than 60 ppb, and
the wind speed is greater than 2m s~ as shown in Fig. 3(e).
As PCI represents local emission contribution, a smaller
correlation coefficient between PM; and PCl scores
indicates that the high PM,; concentrations are affected
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by transboundary transport and not by local emissions
SOLUTCeS.

The PC scores are standardized with zero average and a
standard deviation of 1. Higher PC1 scores show a greater
influence of local pollution emissions. According to
Fig. 3(a) and (b). the PM iy concentrations increase with
high PC1 scores at wind speed less than 1 ms™' no matter
what Oy .. levels are. and the correlation coefficients are
0.78 and 0.85, respectively. This indicates that the PMy
concentrations are accumulated mainly from local source
gontributions at low wind speeds for different Os
In contrast, the correlation coefficient between
the PM,, concentrations and PCI scores decreases with
higher wind speeds than | ms~ ' at different [ e
levels as shown in Fig. 3(c)—(I). It is acknowledged that a
portion of PM,, is contributed by secondary aerosols
when O3,y 18 higher than 60 ppb. For Oy .y being less
than 60 ppb. the transboundary transport of Asian yellow
sand instead ol photochemical secondary acrosols may
contribute to PM |, concentrations. Fig. 3(c) and (¢) show
that when PC| scores exceed 1.3, PM,y increases with
higher PC1 scores in a linear fashion. However, when PCI
scores are less than 1.5, the PM |, concentrations have
more scattered relationships with PC1 scores. Since lower
PCl scores show less influence of local emissions, and
higher Os .4 concentrations may result in secondary
aerosol formation. the cases of high PM, concentrations
but with lower PC1 scores and lower Oy .« concentrations
may be eclassified as originating from transhoundary
transport such as from Asian yellow sand. In order
to reduce the influence of high PM  concentrations caused
by transhoundary fransport on the long-term trend. a
criterion of the PCI score being less than 1.5 and O3 e

ICVCIS.

Table 3

The lemporal distribution of the 47 days of high PM,, concentrations
caused by transboundary transport identified from a criterion of the PCI
score being less than .5 and O5 . being less than 60 ppb

Year Month Total

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1994 1 1 |

1995 | 1 |

1996 3 |
1997 1 1

1598
1999
2600
2001
2002
2003

19 4= ta L

) e
Led
| R R
[ e
(R R S Sy

L&)

Total 8 3 10 3 0. 0=0 0 S s 5 47

being less than 60ppb is applied to screen out PMpy
concentrations exceeding 97 pgm 7.

Based on the abovementioned criterion. 47 days of high
PM,, concentrations caused by transboundary transport
have been identified. as shown in Table 3. The year with the
greatest number ol these days was 2000, with 11 days of high
PM, concentrations, followed by 2001 and 2002, both with
seven. Most of the selected days occurred from January to
May and October to December, with the highest monthly
numbers being 11 days in March and 10 days in April. This
is in agreement with the time period when Taiwan is under
the influence of air masses moving I[rom the Asian
Continent. After removing these individual cases, the results
ol the long-term tendencies or seasonal patterns will better
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Table 4
The first two component loudings resulted from PCA alter Varimay
rotation and explained variance for 10 vears ol the five major uir
pollutants collected in Taipel City after sorting out 47 days of high-PM;,
events

| PC2
502 0.73 0.36
(&9 0.95 212
O, s 0.08 0,96
PM 0.70 .31
NQ), 0.94 0.04
Cigenvalue 2.81 1.33
Variance explained (%) 56.15 26,58
Cumulative varianece (%) 36.15 82.73

represent  the source contributions from local source
activities in Taipei Cily. The PCA is rerun with Varimax
rotation while retaining the two PCs. The results include the
loadings. eigenvalues, and wvariances explained of the two
PCs, as shown in Table 4. The cumulative variance
explained amounts to 82.73% of the total variance.

The results ol the PCA after deducting the influence of
lransboundary transport show that the component load-
ings of .95 and 0.94 for NO, and CO. respectively. are still
the two highest PC1 loadings. The component loading of
O3, max 15 0.08 in the PC] and 0.96 in PC2, For SO, the
component loading in the PCI and the PC2 are 0.73 and
(.36, respectively, These results are similar to those
obtained without deducting the influence of transboundary
transport. However, the PM loading in PC1 increases to
0.70 and slightly decreases to 0.51 in the PC2. This
indicates that after deducting the influence of transbound-
ary transport, PC1 will better represent PMy; pollution
from local emissions, while the PC2 still corresponds to
PM s produced [rom photochemical reactions.

3.3. Trend of local and photochemical pollutions

As the magnitude of PC scores is the linear combination
ol PC loadings from various pollutants (Lehman et al.,
2004). positive PC scores indicate that the pollutant
concentration for a day is higher than the mean concentra-
tion, and vice versa for the negative PC scores. A distance-
weighted least-squares smoothing procedure (the influence
of individual points decreases with the horizontal distance
[rom the respective points on the curve) (Statistica Rel. 6.0,
Statsoft Incorporated, 2001) is used to smooth out the PC
scores; the results will provide valuable references [or
evaluating long-term trends.

Fig. 4 shows the time series of the two rotated PC scores.
Fig. 4(xa) illustrates the variations of PC1, which represents
local pollution. The positive scores occurred mostly in the
early 5 years (1994-1998) and decreased yearly. while the
negative scores increased annually. Since the average and
standard deviation of PC scores are 0 and |, respectively. for
those PC scores three limes greater than the standard
deviation, therefore, the air pollutant concentration is shown

to be greater than the long-term average. Fig. 4(a) also shows
that in 1994 and 1995, PCI scores were frequently greater
than 3 something which did not occur in the most recent 3
years; indicating that local primary pellutants have been well
under control (Chang and Lee. 20062).

Fig. 4(b) plots the PC2 scores representing photochenii-
cal pollution. PC2 scores also demonstrate extremes
(greater than 3) that appeared in 1994 and 1993, Although
the extremely high values of PC2 scores did not increase for
the years after 1995, positive PC2 scores show a tendency
of increasing annually that is grossly different rom the
aforementioned PC1 scores. The moderate peak in Oj
demonstrates a significant upward trend even if the local
primary pollutants have been well under control (Chang
and Lee. 2006b). 1t seems that the current strategy of air
pollution control should be adjusted in order to control the
increasing moderate peak in Os.

3.4. Monthly variations of local and photochemical
pollutions

The time series of the two PC scores demonsirate
obvious temporal variations, as shown in Fig. 4, Il the
variation in pollution caused by anthropogenic emission
sources in a basin is small such as in Taipei City. seasonal
variations of various pellutants will be dominated by
changes in meteorological conditions. This is an analogous
to the accumulation of pollutants found in Milan due to
persistent thermal inversions (Marcazzan et al.. 2001).
Yang (2002) also reported that under the influence of low
temperatures and fewer rainy days in winter, the PM,
concentration was observed to be high in southern Tuiwan.

In order to show monthly variations, we made the box
plots of daily PC scores in a like month (around 300 values)
in Figs. 5(a) and 6(a) and calculated the median of the PC
scores for a like day (a 10-value average) over the |0-vear
period in Figs. 5(b) and 6(b)., Using the median instead of
the mean will prevent the dominance of any single value in
determining the typical day over the 10-year period (Eder
et al.. 1993). Fig. 5(a) shows a larger fluctuation of PCI
scores from January to April. while the median ol PC!
scores shows positive scores at the same period. as shown
in Fig. 5(b). After May. most days have negative PC scores.
This indicates that incidents of air pollution caused by the
local emissions mostly occur from January to April. When
Taipei Cily sits in the warmer and relatively calm region
before a cold front, pollutants frequently accumulate as
was the case in Tel Aviv, Israel (Graham et al.. 2004). An
accumulation of pollutants also eccurs with the decreasing
northeastern wind during the change of seasons, However,
the period between late January and carly February is
exceptional. Chinese New Year holidays always fall within
this period. when residents living in Taipel City return to
their hometowns, thus causing an empty period of about 6
days and leading to an apparent reduction of primary
pollutants. Hence, PC1 scores show uncommon negative
values from the end of late January to early February.
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Fig, 4, Time serics of the duily standardized principal component scores [or the two retained principal components. The bold line represents the distunce-

weighted least-squares smoothing curve of PCs.
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Fig. 5. Seasonal variations of the first component (PC1) scores over a 1=
vear period (4) bax plots of daily distribution in a like ntonth. (b) the time
series and the median PCI scores Tor a like d.-'i)' fram 1994 to 2003, The
bold line represents the distance-weighted least-squares smoothing curve
of PCY,

During the summer months; however, the strong south-
western wind or thermal convection provides favorable
conditions for pollutants to disperse. resulting in relatively
lower pollutant concentrations. When fall begins, the wind
apeed picks up, and the meteorological conditions become
favorable for dispersing pollutants such that they have
dilficulty accumulating locally.
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Fig. 6. Seasonal variations of the second component (PC2Z) seores over a
10-year period (1) box plots of daily distribution in a like month. (h) the
ume series and the median PC2 scores for 4 like day from 1094 to 2007,
The bold line represents the dis_mnue-weighwd lgast-squares smoothing
curve of PC2,

Fig. 6(a) indicates that there are larger variationg of PC2
scores from April to Augusl, while the median of PC2
scores shows positive scores at the same time period, as
shown in Fig. 6(b). After April, the temperature rises, and
high temperatures favor the formation ol ozone, According
to the statistics published by the Central Weather Bureau
(CWB http://www.cwb.gov.tw/), the lowest averages ol
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monthly temperatures in Taiwan take place in January and
February at 13.3 and 13.6°C, respectively. The highest
average ol monthly temperature can reach 25.9 °C, crealing
meteorological conditions favorable to ozone [ormation. In
the summer, from May to August. both the solar insolation
and lemperature are high. causing high ozone concentra-
tions and positive PC2 scores. Tt is worth noting that the
weakening northeastern monsoon in April causes positive
scores for both the PC1 and the PC2.

3.3, Source comtribution shifting in PM

Previous analyses indicate that the primary pollutant
concentration in Taipei City is much improved. but ozone
pollution is becoming worse. In order to understand the
variations in the relationships between PM,, concentra-
tion and other pollutants after the decrease of primary
pollutants, this study compiled yearly PCl and PC2
loadings [rom 1994 to 2003 in Table 3. From 1994 to
1998, the PC1 loadings of PM, range from 0.63 to 0.74,
which are similar to the average of 0.70 for the decade. In
contrast, the PC2 loadings of PM |, are between 0.46 and
0.64. Tt is worth noting that starting in 1999, all the yearly
loadings of the PCI1 of PM,, are less than 0.6, and the
loadings of the PC2 of PM |, become higher than that in
PCl. For an urban area. most PM,;, CO, and NO,
emissions originate from moltor vehicles. These three
pollutants should have high correlations with one another
(Smith et al., 2001). The PCA results indicate that the PM
concentration was highly correlated with local pollution in
the early years, but in recent years. it has become more
related to ozone concentration. Thus, the reduction of local
primary emissions will lower the primary PM,. However,
nereasing ozone concentrations will trigger higher second-
ary aerosol contribution (o PM .

4. Conclusions
This study adopted PCA 1o analyze the air-quality
monitoring data collected from 1994 to 2003 in Taipei City

by the Taiwan EPA, The cumulative variance explained

Table 5
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from the two retained PCs amounts to 82.73%, of the tolal
variance. PC|, which represents primary pollutants such as
CO. NO,, and SO,, has shown a decreasing trend for the
last 10 years. A reduction of primary pollutant concentra-
tions found in this study demonstrates that the control
measures implemented by the authorities are effective.
However. PC2. that represents secondary pollutants, e.g.,
ozone, shows an annually increasing trend alter (he
reduction of local pollutant emissions.

The resolved two PCs are further used for sorting out
cases with PCl scores lower than 1.5 and O3 g
concentrations less than 60 ppb, which were classified as
originating from (ransboundary transport such as from
Asian yellow sand. After removing these individual cases.
the results of the long-term tendencies or seasonal patterns
will better represent the source contributions from local
activities in Taiper City.

Air pollution concentrations clearly show monthly
variations in Taipei City. Most ol the PCl scores are
positive [rom January to Aprl averaged in 10 ycars
because of poor dispersion resulting in pollutant accumu-
lation. The PC2 scores are positive from April to August,
indicating high photochemical pollution. After September,
the wind speed increases, and the temperature drops. Both
the scores of the PCl and the PC2 become negalive,
indicating low pollutant concentrations [rom local source
activities.

The PM concentration was strongly correlated to local
pollution during early years, but has gradually chunged to
being more correlated with the variations ol ozone
concentration in recent years. After the reduction of local
primary pollutant concentrations, secondary acrosol is
expected to contribute more to PM, concentration, The
study on ozone formation and aerosol characterization for
source apportionment hence becomes a need in the near
future.
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in Taipei City
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Absiract

For Europe. a new regime i chemicals regulution is about o start. Aller the proposal of the European Commission concerning the
Registration. Cvaluation and Authorization of Chemicals (REACH) passed its readings in the European Parliament and some differences
with the European Council of Ministers were resolved. the regulation will come into force in June 2007. This paper is Focused on the
question how serious the cost burdens for industry mduced by REACH will be. and whether the New European Member States (NMS)
which joined the European Union in May 2004 will be able to cope with the regulation. This evaluation has been done by assessing the
fegishutive. administrative and economic framework 1 New NMember States and by analysing real business cases in companics. The
empirical showease business impuct studies are al the same time ol mterest for compianies off ELI-13 states. other European countries who
may implement the reguliation. and even for exporters of raw materials aned chemicals ouside Europe, who will also have to comply with
REACH if they market in the Europein Community. The results mve no mdicanons that REACH adeption will bring significant
drawbacks to companies i the NMS. The emerging regulation will bring challenges lor individual companies. especially for small and
medium-sized ones. but for the European chemical industry as @ whole, there s no question that it will be able to cope with REAChH
burdens without losing its global competitiveness.

i 2007 Elsevier Ltd. All rights reserved.

Kevwords: Buropean chermcals policy; REACh: Substance regstralion costs; Acquis communantame; Poliey tmpact analysis: Business nmipact stucdy:
Chemical industry: Spectalty chemieals sector: Industry’s vulnerability: Cost burdens ol industry: EU New Member States

1. Introduction

When adopted, the emerging European chemicals
regulation of the European Parliament and the Council
concermng the Registration. Evaluation. Autherization
and Restriction of Chemicals (REACh) will be equally
applied in all 25 Member States (CEC. 2003a). The impacts
of REACh on the chemical industry in the New European
Member States (NMS) could. however. be different from
those in EU- LA, because ol different spetific environments
m the cconomy and admmistration. Little knowledge is
yet available as to how these different starting positions
may affect the performunce of industry in the individual
countrics.
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To fill this gap. the Eurepean Commuission and the
European industry associations UNICLE and CLFIC
decided to analyse the potential mmpacts of REACh on
the NMS (Fraunhaofer [S1 et al.. 20054, b). The objective of
the project was to explore the ability of the industry in the
NMS. especially the chemical industry, to cope with the
implementation of REACh, The focus of the study was
intended to be placed on the specialty chemiculs scetor.
which is considered as bemg particularly vulnerable (o the
new chemicals policy. The empirical impact analysis was
done in business case studies performed in the Crech
Republic. Polund and Estoniy, The tmpact assessment iy
based on the FEuwropean Commission’s regulation draflt
issued on October 29. 2003, After substantial amendments
made by the Luropean Puarliament and the Curopcan
Council it 1s clear that the regulation coming into force mn
2007 will differ [rom this early draft. Bul the key cost
figures used [or the impact caleulation in this analysis will
not change stgmficantly,
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This paper provides an assessment of the actual state of
alfairs in the Buropean Union’s New Member States
(Section 2), the vulnerability of their chemical industries
(Section 3) and cost burdens arising from compliance with
REACH (Section 4).

2. The actual state of affairs in the EU New Member States

The amendment of the national chemicals regulations
started some time before the accession of the NMS in May
2004, leading to the situation that the NMS were dealing
with the implementation of the Acquis Communautaire,
including the “Chemicals Acquis™, into national legisla-
tion, while European chemical legislation was already on
the way (o being reformed. This situation is an important
distinguishing factor between EU-15 and the NMS. This
section provides inlormation on the completeness of
transposition, implementation and enforcement of the
chemicals acquis in the NMS and on that basis assesses
the potential implications for the implementation of
REAChH.

From the very beginning. it was recognized that
transposition and mplementation of the EU’s environ-
mental laws presents a challenge to the accession countries.
This related to both the sheer scale of past environmental
liabilities and the gap in the level of environmental
protection in central and eastern Europe compared with
the sitvation in EU-15. It was recognized that full
compliance with the environmental acquis will probably
only be achievable in the long run (CEC, 1998, p. 1).

The EU Commission (CEC. 1998, p. 2) identified three
key challenges in the area of approximation of environ-
mental legislation: (1) transposition and implementation of
the environmental acquis as a legislative challenge; (2) a
need to strengthen the administrative struclure necessary
for monitoring and enforcement as an  institutional
challenge; and (3) financing the investment costs of meeting
the environmental acquis as a financial challenge.

The following assessment of the degree to which the
relevant parts of the chemicals acquis have been applied
and implemented in the NMS will give an indication of the

preparedness of these countries for the implementation of
REACHh.

2.1. The legislative challenge

The existing legislation—transposed in the NMS as
“chemicals acquis™ —contains 16 pieces of legislation,
including 12 directives and 4 regulations (Fig. 1). It 1§
divided into four different arcas due to their different
nature: testing requirements, transport of dangerous
goods, notification of chemical substances including
biocides and finally. chemical product regulations. With
accession of the NMS to the EU in 2004, almost all
directives of the chemicals acquis had been transposed into
national legislation.

A first assessment of the compliance levels with EU
environmental legislation in 10 CEE countries was done by
the Regional Environmental Centre (REC) in 1996. In the
legislative field of chemicals, industrial risks and biotech-
nology. the study showed an average compliance level of
27%, lagging significantly behind the average compliance
level of 46% lor all legislative fields. The 27% of
compliance as an average indicated only the beginning of
drafting or some very early altempts to regulate (REC
1996, p. 9).

Much work has been carried out since then by the
accession countries Lo transpose the EU chemicals direc-
tives into national legislation. Between 1998 and 2002, the
candidate countries steadily made progress in the task of
drafting laws and administrative regulations o (ranspose
the EU obligations. In the Czech Republic, Estonia.
Hungary and Slovenia. substantial parts of chemicals
legislation were already in place in 1999 (Andrijewski,
2001: Blaha. 2001; Grabner, 2001: Lang, 2002). During the
EU screening process in the same year, no major problems
were identified in the field of chemicals legislation for most
of the candidate countries. Full compliance with the
chemical acquis was foreseen in all countries by the end
of 2002 and no transition periods were requested in the
negotiations with the Commission (Joint Commission)/
CEFIC Working Group on Enlargement, 2000; Lang,
2002).

TESTING - TRANSPORT MARKET NOTIFICATION CHEMICAL PRODUCTS
Animal Testing Dangerous Goods by Classification, Packaging Evaluation and conlrol of the
(86/BOB/EEC) Road (94/55/EEC) and Labelling of Dangerous risks of existing substances
Goad Lab'oralory Prac- Substances (67!548?EEC) (EEC{?QBIQB]
tice (87/18/EEC) Dangerous Preparations Restrictions on Marketing and
GLP Inspection (1999/45/EEC) Use (76/769/EEC)
(BB/320/EEC) Risk Assessment of New Asbestos (87/217/EEC)
DS S BOIBTIRRC) Detergents (73/404/EEC)
Biocidal Products (38/8/EC) | ozone-Depleting Substances
import & Export of Danger- (EC/2037/2000)
ous Substances Safety Data Sheet
{EECEHIL) (9?1(1 55/EEC)

Fig. 1. EL chemicals acquis communautaire.
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[n November 2003, the EU Commission concluded in its
Comprehensive Monitoring Report that the legislation
concerning chemicals was in line with the acquis in all
candidate countries. except for asbestos in Hungary and
biocides in Estonia, Lithuania, and Poland (CEC, 2003a).
In mid-2004, transposition of the chemical acquis was
finalized in ull New Member States.

But it would be wrong to assume that the chemical
legislation as a whole i now in force and being
implemented in the New EU Member States. With
transposilion essentially complete in 2004, the debate
switched awav from transposition ol the EU chemical
acquis and instead focused on its implementation and
enforcement. Gaps remain in implementation and enforce-
ment and will continue to remain for some time, as will be
shown in the [ollowing seclions.

2.2 The administrative challenge

Having in place the necessary administrative structures
for implementation and enlorcement was the second
element of approximation. However, establishment of an
adequate administrative capacity to implement and enforce
the legislation is more difficult. especially for chemicals,
since various institutions are involved in chemicals
management: ministries, agencies like national chemicals
bureaus. and enforcement inspectorates. In most of the
NMS. coordination between responsible ministries and
agencies obviously remained the biggest problem in terms
of approximation towards EU chemicals legislation.

The new laws on chemical substances and preparations
adopted in the NMS during the last vears assign tasks to
different state administrations at the policy. implementa-
tion. and enforcement level (Witzani and Andrijewski,
2004: Stocker and Anwander. 2004). At the policy level, the
responsibilities for chemicals legislation have been divided
between (wo or more ministries, in most cases including the
Ministry of Economics. the Ministry ol Environment, the
Ministry of Health, the Ministry ol Labour and Social
Policy, and the Ministry of Agriculture. In almost all
countries the leading role for chemicals legislation has been
assigned either to the Ministry of Environment or the
Ministry of Health. At the implementation level. several
New Member States have established a National Chemicals
Bureau (NCB) as central administrative coordination unit.
Al the enforcement level. in almost all countries respon-
gibilities for enforcement have been divided between
different inspectorates, including the Environmental In-
spectorale, the Health or Sanitary Inspectorate, the Labour
Inspectorate, and the Customs Authority.

[nstitutions to implement and enforce the EU chemicals
legislation have been set up in all NMS and significant
progress was made with regard to the necessary adminis-
trative capacities. Nevertheless, some problems still remain
in this area, Probably the biggest problem is the low
number of stall at the implementation level in some
countries. For instance. the Polish Bureau for Chemical

Substances and Preparations with 20 cmployees is cur-
rently clearly understaffed. A PHARE twinning project
recommended in March 2004 that the number of risk
assessors and risk managers at the Bureau should be
doubled and the reinforcement should be completed within
the next 2 yr. Otherwise the Bureau would face difficultics
fulfilling its role as competent authority (Witzani and
Andrijewski, 2004). Smmilar problems were reported in
Slovenia, where the NCB stall currently numbcers 235, The
PHARE twinning project on chemicals safety in Slovenia
recommended focusing only on EU-oriented priorities.
with the present number of staff at the NCB and the Iealth
Inspectorate. Similarly. it 1s reported from the Baltic States
that responsible authoriiies are seriously understaffed. In
some cises, one or two persons in the ministries engaged
with REACh have to work on different and complex policy
areas at the same timie,

The second problem with regard to administrative
capacity has been the low level of coordination among
the responsible authorities. Although this problem is only
of a lemporary nature, it might seriously hamper (he
implementation of REACh,

2.3. The financial challenge

The amount of investment required to comply with the
environmental acquis has been discussed in the last 10yr. A
first study in 1997 carried out lor DG Environment
estimated the amount of environmental investments
required m the candidate countries to reach compliance
at €120 billion (EDC and EPE, 1997). More recent
calculations produced lower figures, estimating the costs
of compliance at between €80 and €110 billion (DANCEE.
2002, p. 37). Nevertheless, financing the infrastructure
necessary lor compliance with EU environmental legisla-
tion poses a major financial challenge to the New EU
Member States. The figure ol 2-3% of GDP per annum is
mentioned as the level of spending required by the NMS Lo
ensure full implementation (CEC, 2001, p. 4). Current
annual environmental expenditures in 2000 ranged between
0.5% and 1.6% of GDP (CEC. 2002, p. 13).

There are only few studies available which make anv cost
estimates for the implementation of the chemicals aquis
(Table 1). This is for two reasons. First, the investment
costs lor implementing the chemical aquis in the [our
countries where studies have been carried out are roughly
between 0.3% and 1.5% of the total investments required

Table 1
Estimated costs of compliance with the chemicals acquis 1998-2005 in
€1000

Public sector Private sector

3TAT-28.420 (per vear)
12,000 k€
60.000-101,250

Czeech Republic 3137-3298 (per year)
Lithuania 493+ 870 (per year)
Poland nja

Sowrce: CEFIC (1998). Soil and Water (1999}, Bucknall et al. (2000).
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for compliance with EU environmental legislation. Com-
pared (o the investment needs for the heavy investment
directives, this is almost a negligible factor. Second,
detailed cost estimates and financial plans had to be
prepared only for those direclives where the candidate
countries requested transition periods. This was not the
case [or any directive ol the chemical aquis in the ten
candidate countries. The lack of requests for transition
periods can thus be seen as an indication of the relatively
modest fnancial efforts needed to comply with the
chemicals acquis.

In Lithuania, the initial investment for the public sector
was estimated at €493.000 (Soil and Water. 1999, p. 65).
These expenditures are due to legal transposition of the EU
requirements in Lithuanian chemicals legislation. setting
up a new Chemicals Supervisory Committee. increasing
technical capacities and expertise by building new labora-
tories. and staff training. Operational costs in the public
sector for implementation of requirements. administrative
procedures and enforcement were estimated at €870.000/vr.
Enforcement of the requirements in the directives and
regulations at the regional level accounted for more than
half of the total operational costs. Another large part of the
annual operational costs is caused by the administrative
procedures on new and existing substances, and bans and
restrictions on dangerous substances.

In the Czech Republic. the average annual recurrent
costs for the state administration were estimated at about
€3 million. Annual costs for the private seclor range
between €3.7 and €28 million. These overall annual
expenditures for implementing the chemical acquis repre-
sent only 0.6-1.9% ol the overall annual compliance costs
for the whole environmental acquis, the total annual cost
being estimated as €1.15-1.69 billion (Bucknall et al., 2000,
p- 15).

['he compliance costs in Poland have been estimated
only very roughly. A CEFIC/PHARE project estimated
the annual costs of complance for the Polish chemical
industry in 1998 a5 2% ol the total turnover, which then
cqualled €180 million. The adaptation costs, as lump sum
induced by EU approximation, were estimated to consti-
tute 300-430% of the routine annual costs (CEFIC, 1998,
p- 96). This amounts to estimated costs of compliance
ranging between €540 and €810 million in total. or
annually €60-101 million over &vr. These compliance
costs reflect the Fact that the Polish chemical sector is by far
the largest one. compared with those of other NMS.

2. The vulnerability of the chemicals industries for REAChH

Compliance with REACh represents a burden for the
economies of the NMS, which however will not affect all
countrics in the same manner. In order (o assess their actual
impaets. we will have a closer look at the specialty chemicals
sector in different countries, Due to the large number of
small-volume chemicals used and produced in that sector,
the cost of compliance with REACh 1s expected to be higher

there. So the larger the share of the specialty chemicals is. the
more a country’s economy will be affected. On the other
hand, this negative effect could be offset by the (potentially)
surpassing growth or productivity of the specialty sector.
Finally, the burden of REACh will crucially depend on the
quantity of (specialty) chemicals imported from, or exported
to, countries outside the EU. This is important, since for
imported chemicals it is questionable whether registration
will be required and the import can continue. whereas
exported chemical may lose their competitiveness because of
the cost burden of substances registration.

In the following, we describe the specialty chemical
sector in three New Member States: the Czech Republic.
Poland and Estonia. They represent a wide range with
regard to country size. importance ol chemical industry
and position ol the specialty chemical sector,

3.1. The specialty chemical sector in the Czech Republic

The chemical industry' contributed 2.3% or €3.8 billion
to the turnover and 2.15% or €1 billion to the GDP of the
whole Czech economy in 2002 (CMIT. 2004). Over lime.
the turnover of the chemical imdustry (in constant 1993
prices) increased from less than €2 billion in 1992 to about
€3.2 billion in 2000, which corresponds to an average
annual increase by 6%, and remained more or less constant
since then (CEFIC, 2005). Relative to the development of
the entire manufacturing sector, the chemical industry
maintained a more or less constant share (of turnover) of
slightly more than 6% of total manulacturing until 2000,
but lost ground since then, vielding a share of slightly less
than 3% in 2003 (Czech Republic Statistical Office). By
contrast, the specialty chemicals sector” grew significantly
faster than the chemical sector in general in terms of
turnover. While in the period from 2000 to 2003 the latter
grew on average by less than 1% annually, the average rate
ol increase for specialty chemicals was almost 3%, The
development in the specialty chemicals sector looks even
more [avourable, if the value added is considered. Similar
to the turnover, the contribution of the specialty chemical
sector to the added value of the total chemical sector grew
between 2000 and 2003 from 20.0% to 23.8%. This time.
however. the respective average growth rates were 10.4%
and 4.2% before and after 2000, respectively (ELIRO-
STAT, 2005). So. while the chemical industry in general is
facing stagnation, the specialty chemicals sector still shows
considerable growlh.

The Czech Republic, like all New Member States, shows
a large deficit in foreign trade and the major part of thig

"In this report, the chemical industry is defined rather narrowly ag
comprising NACE category 24 (manufacture of chemicals and chemical
products).

*If not stated otherwise, the specialty chemicals sector is specified by the
aggregate of NACE categories 24.3 (manufacture of paints, varnishes and
similar coatings. printing ink and mastics), 24.5 (manulacture of soap and
detergents, cleaning and polishing preparations. perfumes and toilet
preparations) and 24.6 (manufacture of other chemical products).
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deficit is due to the chemical industry and its products.
65% of the chemical industry’s sales go into export,
whereas chemical products worth 135% of total sales are
imported. To make things even worse. the deficit grew by
more than 10% annually during the past 4yr. While
specialty chemicals contributed 27% to both the export
and import side of the deficit of chemical industry in
general in 2003, the growth of the deficit is exclusively due
to mass chemicals and pharmaceuticals. In contrast, the
trade deficit for specialty chemicals remained almost
constant since 2000, with the exports growing much faster
(7% p.a.) than imports (3% p.a.) as they started from a
much lower basis (SCHP, 2003). This again 15 a clear
indication of the competitiveness of the Czech specialty
chemical sector.

The proportion of specialty chemicals traded with
countries outside the EU-27" in 2003 was 25.5% in export
and 12.2% in import on total trade with specialty
chemicals (SCHP, 2003). This implies that the Czech
Republic is Lo some extenl alfected by a loss ol competi-
tiveness with its specialty chemicals in non-EU markets,
but much less by a lack ol availability of chemicals coming
from these markets.

3.2, The specialty chemical sector in Poland

The chemical industry had a turnover of about €8.5
billion and contributed 1.3% or €2.6 billion to the GDP of
the whole Polish economy (EUIROSTAT. 2005). Over time.
the turnover of the chemical industry increased from €2
billion in 1992 to almost €8 billion in 2001 (CEFIC. 2005),
which corresponds to an average annual increase by 25%
until 1995, by 10% until 2001 and only a slight increase (by
1% p.a.) since then. Compared with increases ol about
11% annually between 1995 and 2001 and a 1-2% range
therealter in the whole manufacturing sector, these figures
indicate that the chemical industry lost ground slowly, with
its share declining from 7.7% in 1995 (o less than 7% in
2002 (EUROSTAT. 2005). Despite the rather fragmentary
character of statistical data from Poland (PIPC. 2003:
EUROSTAT. 2005) with only NACE calegories 24.3 and
24.5 specified explicitly, our estimates of contributions of
the specialty chemical sector ol 28.1% (value added),
48.9% (number of firms) and 26.0% (employees) to the
chemical industry indicate that the relative importance of
the specialty chemical sector (in 1999, the latest year
available) is significantly higher in Poland than in the
Crzech Republic (in 2002). The productivity of labour in the
specialty chemical sector in Poland seems to be similar to
that in the Czech Republic.

The stronger position of the specialty chemical sector in
Poland is confirmed by turnover data from EUROSTAT
(2005) and PIPC (2003). It shows that in Poland, the
specialty chemical sector grew significantly faster (by an
average 11% annually) than the chemical sector in general

*This is EU-23 plus Bulgaria and Romania,

(6% annually). The development in the specialty chemicals
sector looks even more favourable in terms of value added.
where the contribution of the specialty chemical sector
grew [rom 28.6% in 1998 to about 37% in 2002, showing
an average annual growth rate of 14.8% (7.6% in chemical
industry). The fact that the laller values were significantly
higher than those of employment (0.4% and —6.2%,
respectively) indicates that the productivity of labour
(expressed as value added per [ull-time equivalent employ-
ee) must have undergone a substantial increase. With an
average 14% growth aanually. not only is the increasc in
productivity in Poland much higher than in the Czech
Republic (with hardly 5%); but also the absolule produc-
tivity achieved in 2002 in Poland is 00% higher in the
specialty chemicals sector and 6% higher in the entire
chemical industry.

Like the Czech Republic. Poland shows a large deficit in
foreign trade. the major part of which is due to the
chemical industry and its products. To make things worse,
the deficit grew strongly, by more than 15% annually from
1995 to 2001. but slowed down in recent years (CEFIC,
2005). While specialty chemicals contributed to the export
and imporl side of the deficit. exports grew so much more
strongly than imports that specialty chemicals contributed
only less than 10% to the deficit increase taking place in
2002/2003. This again is a clear indication of the
compelitiveness of the Polish specialty chemicals sector.

Data specifying foreign trade in specialty chemicals were
not available, Alternatively, data for the entire chemicals
sector showed that with 22.3% and 30.7%, the respective
proportions of export and import with countries outside
EU-27 from total export and import of chemicals were not
much different from figures known for the Czech Republic,
where it is 20.5% and 18.8%. respectively (SCHP, 2003;
PIPC. 20044, b).

Summarizing these facts. the position of the specialty
chemical sector in Poland appears to be similarly favour-
able for the implementation of REACh as that of the
Czech Republic.

3.3. The specialty chemical sector in Estonia

With 1.4 million inhabitants, Hstonia has little more than
one-thirticth of the population of Poland. Accordingly, its
economic power was reflected in a GDP of just €7.5 billion
in 2002. The chemical industry had a turnover of about
€212 million and contributed 0.6% or €44 million to the
GDP of the whole Estonian economy (EUROSTAT,
2005)—much less than in Poland (1.3%) or even the
Czech Republic (2.1%). In conirast to the manufacturing
sector which grew by an average annual 13% Dbetween
1996 and 2002. the development of the chemieal industry
was characterized by stagnation and the value added
grew only by less than an annual 2.5% on average
(EUROSTAT. 20035), Compared with the total chemical
sector, the combined shares of the specialty chemical sector
are 73% (value added), 60% (number of firms) and 37%
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(employees). So, although the degree of industrialization in
Estonia as measured by the contribution of the manufac-
turing sector to the country’s GDP is relatively low. the
relative importance of the specialty chemical sector within
the Estonian chemical industry appears to be higher than in
Poland and much higher than in the Czech Republic.

On assessing the competitiveness of the Eslonian
specialty chemical séctor in the international context. it
was [ound that the productivity expressed as value added
per full-time equivalent employee was considerably lower
in the Estonian specialty chemicals sector (€11.900 per
employee). It is also significantly lower than in the entire
chemical industry of Estonia (€15.900) (EUROSTAT,
2005). All this must be seen in the context of a specialty
chemicals sector assuming a high, constant share of the
production and employment of the chemical industry,
which 1§ in turn unable to participate in the steady growth
ol the manufacturing sector in general. It remains to be
seen whether this finding is confirmed by the analysis of the
[oreign markets.

At 15%, the relative contribution of the chemical
industry to the total Estonian trade deficit (€2066 million)
(Statistical Oflfice ol Estonia, 2005) is much smaller than in
Poland or even the Czech Republic. This is mainly because
large quantities of chemical products are exported im-
mediately after import by Estonian chemical trading
companies. [n this context, the strong and growing exporl
position of the specialty chemicals sector would give rise to
a positive assessment of the competitiveness. if it were
accompanied by a similarly positive assessment for the
chemical industry as a whole, but this unfortunately is not
the case. Even worse, in a future perspective. the strong
position of Estonia with regard to foreign trade will mean
REACh will have a strong impact on the country. Due to
the verv large share of Estonmian exports to non-EU
counltries (82.4%), competitive disadvantages arising from
the necessity of registering such exports in accordance with
REACh are stronger than in Poland or the Czech

Table 2
Relevance of the chemical sectors in the national economy (2002)

Republic. By contrast. the proportion of chemicals
(36.8%) and even specialty chemicals (17.4%) to Estonia
from outside EU-27 is basically comparahle with that ol
Poland and the Czech Republic, so that the risk of non-
availability of many substances after the implementation of
REACHh can be considered as not serious (Statistical Office
of Estonia, 2005).

3.4. Country comparison

The data characterizing the relevance and performance
of the specialty chemicals sector in three NMS are
compared in Table 2. From these data it is evident that
the chemical industry in Estonia will be affected more
under REACh than those of the other countries because (1)
the specialty chemicals sector represents a much larger part
of it and (2) the Estonian specialty chemical industry is
engaged extensively in export relations with non-EL
countries. All this has to be seen against the backdrop
that, on the one hand. the productivity in the Estonian
specialty chemicals sector is by lar the lowest of all three
countries, while on the other hand the contribution of
Estonia’s chemical industry to its GDP is rather low
anyway. The chemical industries of Poland and the Czech
Republic, by contrast. will be affected to a much lesser
extent because they are stronger, the contribution of the
specialty chemicals sector is smaller, its productivity higher
and relations to non-EU countries less important.

4. Cost burdens arising from REACh

4.1. Methodology of the cost impact analysis on company
level

The REAChH regulation will enforce a registration ol
each chemical substance produced in or imported to the
EU market. All manulacturers or importers who market
substances in quantities above | /yr are responsible for

Czech Republic Poland” Eslonia
GDP (million €) i 46,500 22,500 T500
Value added of chemical industry (million €) 1000 2600 44
Turnover of chemical mdustry (million €) 3800 8300 2]2
Turnover with specialty chemicals (million €) 1033 3531 144
Productivity of the specialty chemicals sector (€/emplovee) 15,000 29,200 [1.900
Growth rate of the chemical industry 20002003 (% p.a.) 1 2 7
Growth rate ol speeialty chemicals sales 2000-2003 (% p.a.) 3 11 5
Share of exported chemicals in produced chemiculs (%) 65 40 121
Share of specialty chemicals export in produced specialty chemicals (%) (8 31 67
Share of specialty chemicals export to outside EU-27 from total export (%) 255 223" 824
Shire of imported chemicals in produced chemicals (%o} 135 88 267
Share ol specialty chemicals import i produced specialty chemicals (%) 123 37 166
Share ol specialty ¢hemiculs import from outside EU-27 from lotal import (%) 12.2 30.7" 174

“Specialty chemicals figures in Poland do not include NACE category 24.6.

"The Polish shares ol export/import Lo/from outside EU-27 are for all chemicals.
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registration. 1t is expeeted that about 30.000 substances will
be subject Lo registration by the new European Chemicals
Agency in Helsinki. Part of the registration dossier will be
information about all uses of the substance. For substances
produced in quantitics above 10t/yr, the manufacturer
must submit a chemical salety report which assesses human
and environmental health hazards. For dangerous sub-
stances, an exposure assessment and a risk characterization
of all uses is required.

Phasing out production of certain substances as a con-
sequence of financial expenditures for testing and registration
i one of the most frequently discussed impacts of the
proposed REAChH regulation. Especially low-volume and low-
price chemicals are endangered or, in other words, vulnerable.
Vulnerahility of a substance means that the substance supplier
is in doubt whether or not to invest in registration to maintain
production of this substance under REACh. Accordingly, the
decision of a company to phase out production is considered
an investment problem. Employing the net present value
(NPV) approach. investment in registration is commercially
attractive il the NPV is positive

wiPA
Kr\' == J{N = I“. (1]
(1 +m"p >
N (2)
(=" —1

where Ky is the NPV: w the profit margin for the substance
(0<w<1): P the price of substance (€/kg); 4 the yearly
production of the substance (kg/a): fy the annuity
factor (l/a); p the discount rate (O<p<1) (l/a); N the
payback time (years): [, the cost of registration for the
substance (€).

From Eq. (1) a criterion can be derived to prove whether
registration ol a certain substance is profitable or not:
Iy W

el 3)
A I {

Table 3

For a quick proof, one could assume to have it sales
mal’gin w oof 8%, a discount rate of 10% and a |‘cqucsfrzd
payback time of 3yr. This gives the handy criterion:

Iy

— <(0.3P, 4
7 ( (4)

It says investment in registration ol a Substance is
profitable at the first glance if the registration costs divided
by its annual production do not exceed 30% of substance’s
price.

For registration costs 4, the figures of Table 3 were
apphed (Pedersen et al.. 2003). The cosls refer to the
average cost scenario of that source (EC DG JRC [HCP)
and are based on a rate of €1000 per person and day.

The other crucial issue is the possibility to pass on
registration costs to customers down the supply chain. As
all manufacturers and importers in the European Union
are affected by the REACh regulation. passing on costs
along the value chain should be possible, in principle,
But to which extent cost pass-on will be enforceable for
a specific company depends on its production volume.
A small manufacturer has to bear the same registration
cost as a company with a large production volume of the
same substance. This means the small company has to bear
a higher sales price burden. But in a competitive market, he
can only earn if his substance price does not exceed the
lower price of his larger competitor. Therefore, the small
manufacturer will not be able to pass on registration costs
fully to the market.

Eq. (5) is used to caleulate a full pass-on of registration
costs on substance price. Achieving this price mmcrease on
the markel leaves the sales margin in €/kg unchanged after
investment in registration
A= Py — by =B, (5)

Ay
where Py, is the price of substance & prior to REACh (€/
kg): Py the price of substance & under REACh (€/kg): Jy
the registration cost for substance k (€); A, the yearly

Applied costs for substanee régistration in € per substance depending on manufacturer’s production volume

Cost elemenis I-10t/a 101001/ [00=1000 1 /a = 1000t
Hazard assessment: Art. 13. 3 a-d 1500 700 §700
Chemical safety report: Art, 13, 1 1000 2000 2000
Admmistration [or the preparation of the technical dossier 3000 5000 10.000 10000
Agency fees 400 400 8060 8000
Testing (IHCP —average test needs™) to [ulfil provisions of Annex V-VIII 7700 73,100 163,000 208,000
Registration costs non-dangerous substance 13,100 81,000 191,700 236,700
Robust study summary: Art. 9 a vii; Annex 1, 114, 3.1.5 (summary of full study 500 1006
reports from the application of Annexes V-1X)

Exposure assessment: Art. 13, 4 a for dangerous substances 2700 7200 19,500
Linison with downstream users: Art. 13, 4. a for exposure assessment of dangerous 3500 12000 15000
substances

Risk characterization: Art 13, 4 b for dangerous substances 800 1500 3500
Registration costs dangerous lor dangerous substances listed i Directive 67348 EEC 13,100 88,000 214,500 375.700
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production of the substance & by the supplier (kg/a); and /i
the annuity factor (1/a).

The cost impact on a preparation due to the price
increase of the contained substances is given by

o
C—Cy= Z k(P — Pk (6)
k=1

where C, is the preparation cost prior 1o REACh (€/kg); C
the preparation cost under REACh (€/kg)h ¢ the
concentration of substance & in the preparation (0 <¢, < 1)
and K the number of substances in the preparation.

4.2. Approach of business data collection

[n order Lo assess cost impacts ol the emerging new
chemicals policy REACh, a total of 14 companies were
selected for business case studies with the help of the
national chemical industry associations in Estonia. the
Czech Republic and Poland. The country portfolio was
intended to include a small, medium and large national
economy [rom the New Member Stales in the sample.
Collection of information and quantitative figures was
done in a two-step approach, first by a written ques-
tionnaire followed by face-to-fuce interviews. Members of
company’s top management and technical levels partici-
pated in the interviews. All basic figures used for the
business cases calculations were confirmed by the compa-
nies. In spite of this effort for quality assurance. the
analyses cannot claim (o be representative for the whole
chemicals sector. No such analysis could claim this,
because assessing a representative sample of the 25,000
European chemical industry companies is definitely im-
possible. The interesting feature of such case studies is the
spotlight-like insight into the real daily business of
chemical companies.

The results reported here cover four companies. Among
them are two substance suppliers and two preparation
formulators. Of their product portfolio, 29 substances and
3 preparations were analysed in detail. One of the
preparation formulators produces only paints and
varnishes. The other has a mixed portfolio covering
washing and cleaning agents for households. hospitals
and industry, as well as accumulator masses. None of the
four companies fulfil the criteria for SME. but the varnish
manufacturer is close to the SME definition of 250
::mploy-ees.

Most companies in the NMS are winners in the EU
accession process. Due to low wages, which are between
€265 and 4.50/h in the company sample. they gain a
considerable competitive advantage over EU-13 industries.
For the four companies, this is reflected in high annual
arowth rates of between 5.3% and 10.5%. The gross profit
margin, reflecting the cconomic strength and competitive
environment. varies between 4% and 14% of turnover.

On the product markets, competition is primarily
enforced by global player companies located in EU-15. In

contrast to that, companies from outside the EU do not
play any role in product markets. Due to low wages, raw
material input is the dominant cost [actor. In the weighted
average 43% of (otal costs are spent to purchase raw
materials for production. The substance suppliers spend
5% and the preparation makers 18% on personnel costs.

4.3. Vulnerability of subsiance manufacturing

As described above, phasing-out of substance produc-
tion as a consequence of cost burdens for testing and
registration is expected to be one impact ol REACh. For
this reason, this issue was paid special attention in the
analyses. Substance suppliers stated that phasing-out of
substances for economic or technical reasons oceurred
(requently in the past and is still part of daily business. The
number of substances phased out of production in the near
past was given as close to 10% per year.

In the four compuanies’ sample. 29 substances were
analysed for vulnerability to phasing out as a consequence
of REACh registration cost burdens. According lo the
methodological approach described previously, a com-
pany's decision to mobilize capital for testing and
substance registration is considered an investment pro-
blem. In this view the net present value (NPV) indicates
whether registration of a certain substance is commercially
attractive or not. when applying company’s profitability
requirements. The analysis shows that four substances
came out with a negative NPV. One is a bulk resin,
produced by one company in a relatively small volume of
below 2000t/a. Within the company’s required payback
time of 3.5 yr. 75% of the investment have been earned at a
discount rate of 6% p.a. The other three are specialty
chemicals; two are pigments, the third graphite of high
purity. For one pigment 86% ol registration cosls are
refinanced at the end of the required payback time, Those
substances with a negative NPV are endangered by phase-
outl il in addition it is not pessible lor the manufacturer Lo
pass on registration costs 10 customers partially or totally.
Cost pass-on may become a problem for the bulk resin
because the company is in an unfavourable market position
with its low production volume, but could be easier for the
three specialties.

4.4. Cost impacts on chemical prepavations and products

Three preparations were traced for cost impacts as a
consequence of substance registration costs passed down
the supply chain. These preparations were suggested by the
companies for a cost impact analysis. because they are
considered as key and vulnerable chemicals. “Key™ means
the product is of commercial or strategic importance for
the company. “Vulnerable” means that severe impacts of
REACHh are expected.

The first preparation is an agent for surface treatment of
steel. It is more expensive than substitutes. but extracts less
steel material off the processed surface. Thercfore, the
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agent is predominantly applied for the treatment of
(expensive) stainless steel. Sales price of the preparation
i5 1.54 €/kg.

The preparation consists of three high volume chemicals.
With a payback time of 4.4 yr and a discount rate of 6.6%
p.a., price increases of the contained substances stay
between 0.3% and 3.3%. This yields a preparation price
increase of 0.0125€/kg. corresponding to 0.8% of sales
price.

Application of the preparation in the downstream user
industries is for surface treatment of stainless steel. Shaped
flat stainless steel is sold for a price of 2200 €/t. Applying
Tke of the de-scaling agent per ton of steel vields a cost
increase of 0.009 € per metric ton of steel. This causes a
mark-up of the semi-finished steel product of 0.004%.
which can certainly be considered negligible.

The second preparation is an electrode mass for recharge-
able nickel-cadmium accumulators, It is predominately
used for portable appliances, like power tools, camcorders,
flash lights. ete. The sales price of the preparation is 7.90 €/
kg. The suppliers’ production volumes of the contained
substances range from 60 to 30,000 t/a. Again full cost
pass-on of the registration costs is assumed, applying a
discount rate of 6.6% and a pay-back time of 4.4 yr. Price
incredses of contained substances in this case stay between
0.03% and 14.5%., vielding a preparation cost increase of
0.16€/kg. This is 2% of the preparation’s present sales
price.

A widespread product using this electrode mass is for
AA Lype (mignon) accumulators. Such an accumulator
weighs 23 g, of which 30% are due 1o the electrode mass.
This yields a price increase of 0.11 euro cent per piece. With
a sales price of such an accumulator of €2, the price charge
of 0.06% is certainly a negligible cost burden for
COnsumers.

The third preparation is a varnish applied as top-coaling
for metal surfaces. The sales price is 4.10 €/kg. The varnish
contains 43 substances. The binder as well as some solvents
and pigments are high volume chemicals. The other
chemicals are produced by the suppliers in the tonnage
band of 100-10001/yr. The previously applied profitability
requirements for substance registration vield substance
registration-induced price increases between 0.17% and
13.3%.

The substance mark-ups induce a cost increase of the
varnish of 0.045 €/kg. that is 1.1% of present product price.
To get an idea of the cost impact for industrial downstream
ugers, coated 0.5mm flat steel was considered as applica-
tion. With a steel price of 1.50 €/kg. the semi-finished flat
steel product costs around 6.50 €/m°. Coating with 0.20kg
varnish per m” steel vields a cost increase of 0.009 €/m-.
which is 0.14% of the present coated semi-finished steel
product price.

With a negative NPV, the varnish binder has to be
considered vulnerable. endangered by production phase-
out. If this happens, the need for a reformulation arises.
The binder in the varnish is an essential functional

component and its substitution requires a basic reformula-
tion (redesign) of the preparation. For this. companies
reported expenditures between €40,000 and €30,000 per
preparation. This would increase the price of the paint by
another 0.02€/kg, resulting in a total cost increase of the
varnish by 1.6%.

These examples exhibit the heavy dilution of substance
registration cost impacts down the supply chain. from
substance manufacturing over preparation lormulation to
the production of articles. Cost impacts on the end userg
outside the chemical industry turned out to be not serious.
even if more than one chemical is involved in the
production of a certain article (product). Table 4 sum-
marizes the results of the above discussed cost inmpact
assessment on the chemicals supply chain.

4.5. Cost burdens for companies

If cost impacts on products are not as serious as often
worried about, the question arises how seriously do
REACh registration cost burdens impact company’s
economic performance? The cost impact analysis of the
two substance suppliers in the company sample exhibits
quite a moderate cost burden, neither endangering
compelitiveness nor causing harm to business. Total
registration costs are related to turnover and profit
cumulated over 11yr, because this is the time horizon
foreseen for substance registration under REACHh.

For one substance supplier. cumulated turnover and
gross profit margin are eroded by 1% and 9.6%.
respectively. for the other by 0.3% and 4%. These impacts
have to be borne by the two companies il market
conditions do not allow any cost pass-on to downstream
users ol the chemicals. This. obviously, is a rather
pessimistic assumption. A similarly insignificant cost
impact occurs for one of the preparation formulators.
His turnover and gross profit margin are lowered by 0.6%
and 4.3%. respectively, if his substance suppliers fully pass
on substance registration costs to him and. at the same
time, he is not able to pass these costs on to his own
markets at all.

In contrast, a challenge becomes visible for the second
preparation formulator. This company handles the huge
number of 142 purchased substances. Full pass-on of
substance registralion costs to him would merease the costs
for substance purchasing by €358.975. The cost impact
analysis is shown in Table 5, There the applied registration
costs in column 4 are taken from Table 3 and take the mix
of dangerous and non-dangerous substances in the
company’s portfolio into consideration.

This is the cost burden for the company if the substance
supplier fully passes on his registration costs to the varnish
manufacturer. If. at the same time, the varnish manufac-
turer is not able to pass on these costs to his markets, the
cost increase will cut his profit, Again. this is a2 worst case
assumption. Il it becomes reality, substance registration
cost impacts would cul company’s gross profit by 58%.
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Tahle 4
Substauce registration cost impacts along the supply chain

(Cham stage Preparation code First Second Third
Kind of preparation Sieel de-scaling agent Accumulator miss Varnish
Suhstanee manufacturer
Number of contained 3 ] 43
substinces
Substances prices 0.30-11.00 2.40-9.10 0.44-12.98 €k
Substances mark-up 0.0049-0.077 0,0025-0.364 0,0025-0,58 €/kg
0.3-3.5 0.03-14.5 0.17-13.3 Yy
Formulitor
Preparation price 154 7.90 4.10 €lkg
Preparation mark-up 0.0125 0.16 0.0451 €/ka
0.8 2.0 L1 Y
Articles producer
End produet Shaped fat stainless AA type accumulator Coated 0.3mm Hat steel
stec
End product price 2.20€/ke 2.00 €/piece 1.50 €k
End produet mark-up (:00009-€ kg 0.0011 € 'prece (L0090 €/~
0.004 0.06 0.14 Yo

Table 5
Registration costs impact to a varnish producer

Tonnage band (t/a)  Number of substunces  Purchased amount (1/2)

Registration costs (€/

Production volume of Purchased substances

substance) substance suppliers (t/a) price rise (€)

<1 63 15 1 Lt}

=1 44 [54 13,100 10 64,897
10100 23 680 81.910 100 149.962
100- 1000 10 2644 194.716 1.000 138.611

= 1000 2 2.537 241.770 30.000 3.505
lotal 142 6.060 358975
bringing the profit margin down to 1.7% (Table 6), which Table 6

must be considered insufficient. Furthermore. an unknown
additional cost burden arises with cost increases of
purchased preparations.

These business examples show that cost impacts of the
new chemicals regulation REACh are quite diverse. A
tailor-made casc analysis is indispensable to estimate
individual cost burdens.

5. Conclusion and outlook

Implementation and enforcemert of the chemical Acquis
Communautaire placed compunies in the EU New Member
States in a favourable starting position for future REACh
adoption. Due to this. safety data sheets, the central
mformation tool under REACh for information exchange
along the supply chain. is well established in the companies.
On the other hand, investments in equipment and plants to
comply with the EU air, water and waste standards are still
under way when REAChH comes into force. Therefore
companics in the New Member States will be stressed by
two cost burdens.

The raw malterials supply from non-EU countries, which
will be affected by the REACh registration scheme. was

Worst case profit cut of a varnish producer due to substance registration
cosl burdens

With registration
costs impact

Without registration
costs impact

Tumover 15,500,000 € 15,500,000 €
Gross profit 620,000 € 261.025¢€
Gross profit margin 4% 7%

revealed as not as serious an obstacle for REAChH
implementation as was thought initially. It may force some
individual companies to adapt their past chemicals supply
scheme. but no appreciable impact on the chemical
industry sector altogether is expected. Especially allecled
are importers in the NMS for whom import of cheap raw
materials from non-EU eastern countries wag a luerative
business in the past.

Almost all companies see a need to improve information
exchange about chemicals handled along the supply chain.
The tradition of such cooperation as part of supply chain
management is restricted to operational business needs and
interests. A typical example is support and service lor
preparation formulators in the application of ¢chemicals by
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substance manufacturers. Such competences are excellent
starting points for the enforcement of the information
exchange provisions required by REACh. But the chal-
lenge is to build an information network which covers all
levels af the supply chain, where substance manufacturers
or importers, preparation formulators, and downstream
users participate. This will become one of the most crucial
lessons for companies to learn under REACh. Actually,
there is only a poor understanding of this future need.
None of the interviewees was able to draw even a rough
picture of his company’s approach to identily substance
uses and (o perform exposure assessments and risk
characterizations for downstream users ol own chemicals.

The appreciation of REACh by the companies is rather
adverse. Positive effects like enhanced supply chain
management [or chemicals are admitted. but not taken
into consideration in the overall rating of REACh.
Bureaucracy, high cost burdens, and gain of competitive
advantages of EU-15 companies are the prominent fears.

Onc crucial difference to EU-15 companies is the
companies’ low R&D budgets. Responsible management
recognizes the importance of R&D, but so far it does not
translate this knowledge into operational business. The
adverse effects on REACh are obvious.

On-going privatization, restructuring and modernization
of production, efforts to comply with the acquis, and the
tougher competition with EU-15 companies after accession
absorb much of the companies’ management capacity.
Coping with all these changes within a relatively short time
span is a typical challenge lor companies in the eastern
NMS. not present in EU-15. This may be one reason why
knowledge about REACH still lags behind that of the EU-
15 companies.

One lesson learned from the case studies is that the
health, safety and environment (HSE) management in the
interviewed NMS companies is better equipped with
personnel resources than in EU-15 (Ostertag et al.. 2004).
This may have to do with lower wages. The well equipped
HSE staff favers adoption of REACh because HSE
management plays a key role in this process. e g. for
substance lesting. exposure assessment and risk character-
ization.

Although the NMS adoption of EU legislation has
brought the starting point for REACh to a commeon level
in EU-15 and the NMS., we saw that different company
environments are present which may cause the one or other
additional challenge compared to EU-15. Overall, the
results of the case studies which are admittedly a limited
but well-founded experience of daily business, give no
indications that REACh adoption will bring significant
drawbacks Lo companics in the NMS.

[n this paper individual challenges for companies and
industrial sectors have been discussed, but for the
European chemical industry as a whole, there is no
question that this industry will be able to cope with
REACH burdens. Within 11 yr, which is the time given for
substance registration. the European chemical industry’s
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turnover will accumulate to €5800 billion, and iis profit at
least to €170 billion. The total cost burden of REACh. as
assessed by the European Commission. approaches €7,5
billion for the chemical and other industries (CEC, 2003b).
Exclusively charging the chemical industry with these costs
would erode its 11 yr turnover by 0.13% and its 11 yr profit
by 4.4%. Even if one adds 50% to the Commission’s
estimate of REACh’s direct implementation costs, asa US
consultant has done (Ackermann and Massay, 2004), the
cost burden remains far below critical thresholds and will
not harm the strong international competitive position of
Europe’s chemical industry, nor Ltrigger relocation of
downstream industries outside Europe. On the other hand,
better knowledge of chemical properties and risks acquired
through REACh. and—most important—the communiea-
tion of this information along the supply chain is an
inestimable advantage compared to the present situation, It
reduces commercial risks for companies working under
legal liabilities. Moreover, better control and safc manage-
ment of chemicals is occupational and public health
protection. a benefit the European Commission assesses
to be in the order of €50 billion over a period of 30 yr
(CEC. 2003b).

Acknowledgements

The authors are gratelul to DG Eavironment and DG
Enterprise of the European Commission which made it
possible to undertake this study. The authors would like to
thank Mr. Luis Delgado and Oliver Wolfl of the Sustain-
ability in Industry, Energy and Transport Unit of
European Commuission’s DG JRC IPTS in Seville lor
sponsoring the project.

References

Ackermann, F.. Massay. R.. 2004, The true costs of REACh. A study
performed for the Nordic Council of Ministers, Global Develupment
and Environment Institute, Tufts University. Medlord, MA.

Andrijewski, M., 2001, Current stale in transposing EL Chemical
Legislation in Poland. Presentation at the Workshop on Application
of EU Chemicals Legislation in the Candidate Countrias. 1slanbul,

Blihia, K., 2001. Chemicals Legislation in the Czech Republic: Two Yeurs
of Implementation. Presentation at the Workshop on Applicution of
EU Chemicals Legislation in the Candidate Countries. Istanbul,

Bucknall. J.. Cestti, R, Hughes, G., 2000. The Czech Repuhlic—
complying with the European Environmentul Directives, World Bank.
Wiashington, DC.

CEC, 1994, Meeting the challenge of enlargement with the candidaie
countries in Central and Eastern Europe. COM (98) 294, Brussels.
CEC. 2001. Commumication (rom the commission: the challenge of
environmental finaneing in the candidate countries. COM (2001) 304

final. Brussels.

CEC, 2002. Environmental Protection Expenditure in Accession Coun-
tries, Office for Official Publications of the European Communities.
Luxembourg,

CEC, 2003a. Proposal for ¢ Regulation of the Europeun Parlinment and
the Council concerning the Registration. Fvaluation. Authorisation
and Restriction of Chemicals (REACh), establishing a Europesan
Chiemicaly Agency and amending Directive 1999/45/EC and Regula-
tion (EC) [on Persistent Organic Pollutants). Commission of the



G. Angever et al, | Journal of Environmental Managemenyt 86 (2008 ) 636-647 647

European Communities, COM2003) 644 final, 29.10.2003, vol. 1-VI.
Brussels,

CEC. 2003h. Extended Impact Assessment. Regulation of the Furopean
Parlinment and of the Council concerning REACH. Commission staff
wurkin_g paper, SEC (2003) 1171/3, Brussels.

CEFIC, 1998, Impacts of the Commission’s White Paper on the Chemical
Industry in the CEE Countries— Final Reports. Brussels, CEFIC.

CEFIC, 2005, European Chemical Industry Council. Economic Tine Serics.
Chttp: www.cefic.org/ factsandfigures; levelO2/append_index.hitml ).

CMIT. 2004, Crech Ministry of Industry and Trade, Panorama ol the
Czech Industry 2003, Prague.  {http://www.mpo.cz/xqw/webday,
UTFS-/dms_mpo/getbileinternet/ 18767/ 19274/ panorama_en.ap ).

DANCEE. 2002. The Environmenial Challenge of EU Enlargement in
Central and Eastern Burope, Copenhugen,

EDC and EPE, 1997. Compliance Costing for Approximation of EU
Environmental Lemstation in CEEC,

EUROSTAT, 2005, Siatistical Office of the Furopean Commumity.
‘Industric, Handel und  Dienstleistungen’.  <hitp://europa.cu.int/
comm/eurostat) b,

Fraunhofer 181, PBF, Nordbeck R. IPTS, BEF. Oeckopol. 2003a.
Implementation of REAChH in the New Meniber States, Part One:
Overview of the chemical and specially chemicals sector in the New
Member Stutes. European Commission. DG Jomnt Research Centre,
Institute for Prospective Technological Studics, Seville, Spain.

Fraunhofer 18I, PBF, Nordbeck R, IPTS. BEF, Oeckopol. 2005b.
Implementation of REACH in the New Member Stales, Part Two:
Business case studies in selected New Member States. European
Commission. DG Joint Research Centre. Institute for Prospective
Technological Studies, Seville, Spain.

Grabner, A., 2001, Slovene Chemicals Lemslation. Presentation at the
Workshop on Application of EU Chemicals Legislation in the
Candidate Countries. Istanbul,

Jommt Commission/CEFIC Warking Group on Enlargement,  2000.
Transposition and  lmplementation ol Chemicals Acquis by the
Candidate Countries ol Central and Eastern Europe—Recommendu-
tions lor Development. Brussels,

Lung, K., 2002, Summary of the Transposed Chemicals Acquis m the
Candidate Countries in Central and Eastern Europe. Presentation at
the Conference "Muking the Enlarged Internal Market for Chemicals
a Reality”, November 2002,

Ostertug. K., Marscheider-Weidemannn, F., Angerer. G.. et al.. 2004,
Analysis of the Costs and Benefits of the New EU Chemicals Policy:
An Lxamination Based On Selected Scctors Tuking inlo Account
Effects on Compelitiveness, lmmovation, Envirenment and Health,
Research Report of the Federal Environmental Agency (Limweltbun-
desamt). Berlin, Germany.

Pedersen. V.. de Bruijn, J.. Minn, 5., van Lesuwen, K., 2003. Assessment
of Additional Testing Need Under REACh, Effects of (Q)SARS. Risk
Based Testing and Voluntary Industry Initiatives, European Commis-
sion, DG IRC, Institute for Health and Consumer Protection (ITICP),
Tsprit. Taly.

PIPC (Polish Clamber of Cliemical Industry), 2003, Production Sold of
Chemical Industry According to Branches in 2002, memo.

PIPC (Polish Chamber of Chemical Industry). 2004a. Chemical mdustry
in Poland. Annual Report 2003, downloads: ¢ hitp://www.pipe.org.pl/
raport_2004%20cz-Lpdf and http:/'www . pipe.org.pl/rap.pdf’ .

PIPC (Polish Chamber of Chemical Industry), 2004b. Characlerisation of
the Chemical Industry in Poland. Interview with PIPC members. 16
September, 2004,

REC, 1996, Regional Environmenial Centre, Approximation of European
Union Environmental Legislation: case studies of Bulgaria. the Czech
Republic. Estonia, Hungary, Latvia, Lithuania. Poland, Remania, the
Slovak Republic and Stovenia. Budipest, REC,

SCHP, 2003. Association ol Chemical Industey of the Czech Republic.
Annual Report 2003 on the development of chemieal industry in Czech
Republie, Prague, download: ¢ http://www.schp.cz/schp/zpravy/ Annual_
Report_2003.zip ).

Soil and Water Ltd:, 1999, Development of Action Programme for
Implementation of EU Legislation on Chemicaly in Lithuania, Final
Report DISAE Projeet LIT-109.

Statistical Office of Estonia, 2003. General Export and Import by
Commodity  Groups, < hitp://pub.stat.ce/px-web.2001/1_Databas/
Economy; Economy.asp 7.

Stocker, E.. Anwander, E., 2004, Assessment of Lnstitutional Capicities:
Tmplementation of European Legislation in the Area of Chemical
Substances in the Czech Republic. Final Report Twinning Project CZ/
2002/1B/ENJO1. Prague.

Witzani. H., Andrijewski, M.. 2004, Strengthening of the Administrative
Capacity for Risk Assessment and Chemicals Control, 3rd Quarterly
Report Twinning Project PL/IB/2002/0T/04,



Jonirnnad o

Environmental
Eis Management
ELSEVIER Journal ol Environmental Management 86 (2008) 648-639 =
www.elsevier.com/locale/jenvinan
Rural industries and water pollution in China
3 . . . .
Mark Wang™, Michael Webber, Brian Finlayson, Jon Barnett
School of Social and Envivenmental Enquiry, The University of Melbourne, Vietoria 3010, Australiv
Received & May 2006; received in revised form 7 December 2006; accepted 12 December 2006
Available online 26 February 2007
Abstract

Water pollution from small rural industries is a serious problem throughout China. Over half of all river sections monitored for water
quality are ritted as being unsale for human contact. and this pollution is estimated to cost several per cent of GDP. While China has
some of the toughest environmental protection laws in the world. the implementation of these laws in rural areas is not effective, This
paper explains the reasons for this implementation gap, It argues that the factors that have underpinned the cconomic success of rural
industry are precisely the same [actors that cause water pollution from rural industry to remain such a serious problem in China. This
means that the control of rural water pollution is not simply a technical problem of designing a more appropriale governance system, or
finding better policy instruments or more (unding. Instead, solutions lie in changes in the model that underpins rural development m

China.
" 2007 Published by Elsevier Ltd.
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The house is new. the money is enough, but the water is
foul. and life is short.
(A popularsaying in coastal China. from Schmidt. 2002)

1. Introduction

Water supply and quality are fundamental issues in
China. A lew years ago. the debate about who will feed
China emphasised scarcity of farmland and the food crisis
(Brown, 1995). Yet the most critical resource in China is
nol land or food, but water (as Brown later (2001) came to
recognise). Not only are per capita water resources limited
(Niu and Harris. 1996) and the spatial distribution of water
resources extremely uneven. there is also significant waste
of water. This waste is related to inefficient irrigation
practices, leaking water pipes, and water pollution.
Growing municipal and industrial waste discharges,
coupled with limited wastewater treatment capacily. are
the principal drivers of water pollution. About two-thirds
of the total waste discharge inte rivers. lakes and the sea
derives from industry. and about 80% of that is untreated,

*Corresponding author. Tel/fax: +61 393494218,
E-mail address: mywiaunimelb.edu.au (M. Wang).

0301-4797/8 - gee front matter 45 2007 Published by Elsevier Ltd.
doi:10: 1016/ jenvman. 2006.12.019

Most of the untreated discharge comes from rural
industries.

Rural industries stand out as one ol the most spectacular
respondents to China’s 1978 economic reform. They
represent a middle ground between private and state
ownership and have not developed in any other country
on such a large scale and at such a rapid rate. They have
become the driving force behind China’s economie growth
and a significant engine of China's transition. with double-
digit growth rates since the late 1970s. To a large degree,
this growth of rural industry was neither planned nor
anticipated (Bruton et al., 2000).

However, the environmental cost of China’s rural
industrialisation is enormous. Rural industry consumes
massive quantities of water and pollutes a large proportion
of rural water bodies (Anid and Tschirley, 1998; Wheeler et
al.. 2000). While a few large rural enterprises have
advanced technology and sophisticated wastewater (reat-
ment facilities, rural enterprises are characterised by their
small scale. outmoded technology. obsolete equipment.
poor management and heavy consumption of water
resources (Qu and Li. 1994). Ag a result. water pollution
is a serious problem wherever there are rural industrics.
Over 80% of China's rivers have some degree of
contamination (Qi et al.. 1999). China's 2002 State of the
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Environment Report shows that 70% of the 741 river
sections moenitored were unfit for human contact (pollu-
tions levels at or abave Grade 1V standard) (SEPA, 2002).
The most polluted was the Hai River, where 86% of
monitored sections were unfit for human contact.

China’s environmental policy is widely considered as a
comparatively success in urban areas. with marked declines
‘in urban pollution (Florig et al.. 1995: Zhang et al., 1997;
Abigail, 1997). However, thesc efforts rarely reach the rural
areas, where environmental policy 1s not effective (Florig et
al., 1993; Zhang ¢t al., 1997; Abigail, 1997). One of the
names for this phenemenon is a policy ‘implementation
gap’ (Chan et al.. 1995). It is the aim of this paper to
understand the reasons for this implementation gap.
Previous studies have attributed it to a combination of
factors, including legislative shortcomings. poorly designed
policy instruments, an unsupportive work environment for
environmental regulators, and a pro-growth political and
social environment (Chan et al., 1995; Wong and Hon,
1994; Ross, 1992). These are important: however, we argue
that the most fundamental factors causing rural water
pollution are the very same factors that have underpinned
the economic success ol rural industry. The problem of
water pollution, we argue. 1s therefore unlikely to be
remedied by discrete institutional changes, and instead
requires a transformation of the models associated with
rural development.

We present this argument in the lollowing sections. We
begin by explaining the characteristics of rural industry and
the reasons for its success. This will be followed by a
summary of the water crisis us it relates to rural industry.
In Scctions 4-6. we explain our interpretation of the
reasons for water pollution problems in rural China.
Scetion 4 is focussed on how the characteristics of rural
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industry contribute to rural water pollution; in Section 3,
we review the institutional arrangements that make 1t
difficult to control water pollution by rural industry: and in
Section 6, we emphasise how the on-going transition has
made water pollution control more difficult. The conclu-
sion integrates this evidence and explains our interpretation
of it.

2. Rural industrialisation

The rise of rural industry is one of the outcomes of
China’s transition. The rural household responsibility
system introduced in the late 1970s released hundreds of
millions of peasants from the farming sector. To accom-
modate increasing under- and unemployment in China’s
countryside. the central government allowed industrial
development in rural areas (Lin. 1997; Oi. 1995: Lieberthal.
1995). Peasants were encouraged *“to leave the land but not
the village™ (Jit bu lixiung in Chinese) (Tan, 1993: Wang.
1997). As a result. over 120 million peasants abandoned
agriculture to work in the emerging rural industrial sector.

By the end of 2003. China had nearly 22 million rural
enterprises, producing output valued at ¥191 billion, which
is 15 times that of 1988 (National Bureau of Statistics of
China (NBSC). 2004). The total added value contributed
by rural enterprises accounted for over 30% of China’s
GDP. compared with only 12.3% in 1988, In 2003, rural
mdustry employed over 135 million from the rural labour
pool without need for state investment (Table 1). Many
‘made-in-China’ products are manufactured by rural
enterprises. From 1995 to 2000, exports by TVEs grew at
an average annual rate of 10% (NBSC, 2004; Fu and
Balasubramanyam, 2004). In 2004, TVE exporis accounted
for one-third of China's total exports (NBSC, 2004). So.

TVYEs size: number of enterprises and employment by category of ownership: China, 2003

Enterprise category (registered us) Number of cnterprises

Total employees Employees/enterprise

(000 Yo (000) % Persons

Urban® 19722 100 256390 100 1331
SOES" 34.28 17.4 68 760 268 2005
Others 162.94 826 187630 732 1151
TVEs total — 218508 10 135729.3 100 f
Domeslic 217961 99,7 1254332 94.6 [
Collective 292.1 1.3 123597 9.1 42
Share-hiplding cooperative H4.8 0.4 3670.2 X7 43
Joint operation 26.7 0.1 6606.3 0.5 25
Lintited Hability 2028 0.9 10272.8 7.6 51
Shire holding 324 0.1 1819.4 1.3 56
Private 25424 Il.6 3R T08.6 283 15
Individual 8940, 1 40.9 20016.9 2249 3
Others Y748 443 310191 229 3
Hong Kong/Mucau/ Taiwan 380 0.2 4928.6 36 130
FForcign 16.7 .1 2367.6 1.7 142

Seonreer NBSC (2004).

“neluding all 8OEs und these non-stile enterprises with annual sales over 5 million Yuan, Almost all of them are located in either cities or lowns.
"SOEs mclude all SOEs and all those enterprises with State as the major share holder.
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although TVEs have simple production methods and have
obtained technical expertise from staff formerly emploved
in statc-owned enterprises (SOEs) (Peng et al., 1997), they
have clearly outperformed SOEs in terms of growth, job
creation and profitability (Chen and Jefferson, 1999).

In this paper, rural industry is taken to mean all
husinesses located in rural areas and involved in non-
agricultural activities. Rural industry can be broadly
clussified nto two categories of ownership: Lownship
(xiang) and village (cun) enterprises as collective enterprises
(strictly speaking, TVEs), and private rural enterprises.
This latter category includes a heterogeneous group of
enterprises of different sizes, tvpes of business, organisa-
tional structure, and ownership. However, there are many
different rural industrialisation models in China. Based on
the sources of mitial investment. structure of ownership.
industrial orientation. income distribution and manage-
ment systems. Chinese economists (Ding et al.. 2004; Zuo.
2001) classified TVES into three generic models: (1) the
Sunan model (Southern Jiangsu model): (2) the Wenzhou
model; and (3) the Pearl River Delta model. They are
different because of their firm size. technical sophistication
and their initative drivers. The Sunan model is char-
acterised by a dominant initial investment by township and
village government: the Wenzhou model by private
investors; and the Pearl River Delta model by foreign
direct investment and export-oriented manufacturing.
These models ure neither static nor exclusive.

The boundary between TVEs and private enterprises has
blurred over time (Weitzman and Xu. 1994: Naughton.
1994; Che and Qian. 1998). Some TVEs have been
transformed into joint stock co-operatives. others partially
privatised (with loeal governments continuing to hold a
stake) and others even wholly privatised by the sale of the
entire stake to managers. employees and/or community
residents (Xu and Tan, 2002). Many private investors
have become shareholders of TVEs in Sunan and many
private enterprises in Wenzhou have been merged to
form a collectively owned corporation. The ownership of
rural enterprises can be private or collective or a
combination of shareholders in local communities. village
and township governments, and local and foreign private
owners (Table 1).

Many explanations have been offered for the remarkable
success of rural industry in the Chinese economy (e.g..
Byrd and Lin, 1990; Nee, 1992; Chang and Wang, 1994;
Ho, 1994; Weitzman and Xu, 1994; Naughton, 1994),
Success has been seen Lo be due to the shortage of major
product markets in the 1980s in China. cheap rural labour.
tax concessions from local governments, and the problems
of state industries (Byrd and Lin, 1990: Ho, 1994:
Naughton, 1994). Other contributions to their success
have come from their unique institutional structure that
facilitates co-operation through implicit contracts among
communily members (Weitzman and Xu. 1994); the inter-
organisational relationship between TVEs and local
governments (Chen and Jefferson, 1999: Fan. 1997) and

TVEs' capacity to adapt and configure their strategy mn
response to the external competitive environment (Luo ct
al., 1998, 1999), However, two of the success [aclors are
especially important for the pollution performance of rural
industry.

One of the most important of these is the fact that many
rural enterprises face hard budget constraints. For privatle
enterprises, family saving is the major source of capital:
they have limited opportunity to access bank loans or
attract government investment. TVEs are in a slightly
better position because they receive local township or
village government sponsorship. though the limited fax
base means that such financial support is insufficient. TVEs
also have limited access to financing through the banking
sector. Even though local governments often acl as
guarantor and supporter for their TVEs™ applications for
bank loans. banks are hesitant to lend to what they
consider to be risky enterprises. and banks have been
encouraged in the past by the central government Lo
support the ailing SOE sector instead. Therefore. rural
industries have very strong incentives to ensure that their
operations are profitable. Such hard budget constraints
force rural industrial operators to focus mainly on
generaling profits for their survival, and they are therefore
extremely reluctant to incur costs to conserve waler use or
control pollution.

Another common driving force for the success ol rural
industry is the strength of local government networks, The
existing research has described the advantages stemming
from the TVEs" peculiar “internal institutional form™ that
[ucilitates cooperation through implicit contracts among
community members locked into an ongoing relationship
(Nee, 1992: Weitzman and Xu, 1994). The success of TVEs
is mainly due to the interaction of TVEs with the whole
community through a “set of interlocking financial,
administrative, personnel, and other tes™ (Byrd, 1990, p.
74) and the existence of a strong ‘cooperative culture’
(Weilzman and Xu, 1994),

The local township or village governments give birth to
TVEs, and they appoint TVE managers. and act as
financial intermediaries by financing TVEs and using their
connections to find alternative sources of hnancing. In
return, local governments share the profits generated by
their TVEs. With an inefficient legal system, the local
government is the only body that can settle dispuies arising
from the operation of TVEs. As we will argue. such a
‘parenting’ relationship 15 one of the key factors to the
‘implementation gap’ identified in China’s environmental
protection system.

For rural private enterprises. keeping good guanxi (in the
Chinese business world, guwanxi is understood as the
network of relationships among various parties that
cooperalte logether and support one another) with local
government is extremely important [or survival. Few
private enterprises depend on local government for
financial assistance or marketing their products; but they
keep close guanxi with local officials, including local
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environmental monitors and inspectors. Such close guanxi
can include bribery in various (orms. As our fieldwork
interviews (with peasants and village heads in four villages
in Jinan and Zhengzhou and with their municipal/
provincial government water officials in October 2003)
show, managers are sometimes “informed” before environ-
mental inspections are carried out so that they can
temporarily shut down their polluting functions. only to
return to ‘normal’ operation after the inspection is over.

There are. then. a variety of reasons for the emergence of
this remarkable growth engine of the Chinese economy.
Some ol these reasons are directly related to the polluting
tendencies of that engine. Before we examine these reasons
more deeply, we briefly identify the main characteristics of
the water pellution problems that are attributable to rural
industry.

3. Rural industry and the water crisis

Rural industries have been widely eriticised for their
waste ol natural resources. including water resources, due
to substandard equipment and basic technology (Shen et
al., 2005: Edmonds, 1994: Wong, 1999). Most rural
industries have no wastewater or hazardous waste Lreat-
ment facilities. Almost all wastewater is directly discharged
into local river systems. According to the State Environ-
mental Protection Agency (SEPA. 2002), the total dis-
charge of sewage and wastewater in China was 62 billion
tons in 2000, ol which only 24% was treated up to the
national standard: the rest was not treated or treated but
not up to the national standard before being discharged or
used for irrigation. It has been conservatively estimated
that TVEs alone discharge over 10 billion metric tons of
wadstewater per vear. which is hall ol the industrial
wastewater discharge in China. According to Zhao and
Wong (2002). 76% of wastewater created serious pollution
while only five per cent of wastewater was discharged at the
required stundard. As the data Irom SEPA demonstrates,
this untreated wastewater has polluted most Chinese rivers.
and 3/4 of China’s lakes have significant levels of pollution
(SEPA. 2002).

Since the year 2000 there has been a decline in the
number of environmental accidents in China (Table 2).

Whereas the number of environmental accidents in China
grew rapidly between [997 and 2000. the number fell
between 2000 and 2003. Of all the classes ol environmental
accidents. water pollution accidents are the most [requent,
and they have become more frequent between 1997 and
2003. Of course. some of these are {rom SOEs and large
urban industries. but the enforcement of environmental
regulations in cities. anecdotal evidence and media reports
suggest that the majority of these accidents are caused by
rural enterprises. There is probably also significant under-
reporting ol water pollution aceidents from rural industries
due to the close connections between cnvironmental
regulators and rural entrepreneurs (discussed later).
Water pollution and consumption by rural industry are
related to the type of industrial activity. The major water
polluters include an array of industries such as paper and
pulp milling, chemical manufacturing, metal casting, and
brick making that produce large quantities of’ wastewater.
adding nitrogen, phosphates. phenols, cyanide. lead,
cadmium, mercury. and other pollutants to the water near
rural residential areas—the same water that is used for
drinking. The worst waler polluters are those rural
industries related to papermaking, cement and bricks
(Xu, 1999). For example. TVE paper mills in Henan
Province consume 3.6 times more water per unit of paper
production than do state-owned paper mills (according to
imterviews in 2005). In China, these three sectors have
increased their production dramatically: between 1978 and
1993 the volume of paper produced from rural industrics
increased from 0.4 to 10.3 million tons. the volume of
cement from 3.3 to 127.6 million tons. and the number of
bricks from 73 to 494.8 billion (NBSC. 1995). With these
large increases in production have come concomilantly
large increases in emissions of pollutants into waterways.
Water pollution and consumption by rural industry are
also of course related to the density of production sites. Xu
et al. (2001) compare the density of TVES in the provinces
of China (using TVEs output value per land area) and the
ratio of wastewater to runoff (using TVEs discharged
wastewater per cubic metre of runoff). Their results show a
clear positive correlation between the economic density of
TVEs and the runoff load that they generate (r=0.93).
Provinces in which TVEs produce a lot of output per unit

Table 2

Number of environmental accidents in Ching ( [997. 2000, 2003)

Type of necident 1997 2000 2003

Number of accidents Yh Number ol accidents % Number ol aceidents W

Tolal accidents 1992 100.0 2411 100.0 1843 100.0
Waler pu”utfcn 086 49.3 1138 47.2 1042 36.5
Alr pollution 732 k= 864 358 654 35.5
Sobd waste pollution 55 2.8 103 4.3 30 3.0
Naise poellution 1149 .0 266 1.0 Rl 27
Other pollution Bl 4.0 40 1.7 41 2.2

Sowree: NBSC (3004,
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area have a high ratio ol wastewater to runoff; these are
principally the provinces along the coast and in the south.
There are also some provinees in the drier north and west
(such as Tianjin, Hebei. Henan. and Ningxia) that have
high levels of rural industrialisation and associated high
levels of wastewater to runoff,

Asg a result of this pollution. water is now a public health
risk in China—arguably even more so than air pollution
(Schmidt, 2002). Over half of China’s 1.3 billion people
drink water contaminated with chemical and biological
wastes such as petroleum, ammonia nitrogen, volatile
phenols. and mercury (SEPA, 2002). The health impacts of
water pollution have been costed at USS$3.9 billion
ammually (World Bank, 1997), and there is evidence that
the increasing incidence of cancers is associated with
pollution of drinking water (Banister, 1998: UNDP,
2002). Maurer et al. (1998) list a number of studies that
link wastewater from TVEs with health effects such as
clevated cancer rates and abnormal pregnancy outcomes
(for example, spontancous abortions, premature births.
birth defects). Xu (1992) finds that the incidence of discase
differs between more and less polluted regions: in the most
polluted areas. chronic disease is up to three times more
common than in the nation as a whole. Xu (1992) also finds
that average mortality in polluted areas is 4.7 per 1000,
higher than the average of 3.6 in less polluted areas.

Environmental degradation costs China dearly, though
that cost has been estimated using various technigues with
varying outcomes (Smil and Muao. 1998: World Bank,
1997). The aggregate annual cost of environmental damage
has been estimated to be between 4.5% and 18% of GDP:
water pollution is estimated o cost between 0.6% and
4.5% of GDP, with estimates centring on 1.7%. about the
same as the cost of air pollution.

A number of analysts argue that poor regulation and
enforecement of environmental measures allows many small
rural enterprises to operate without waste ftreatment
facilities (Jahiel, 1997; Lin, 1997; Qu and Li, 1994). The
Chinese government has imposed a pollution levy on
industrial polluters since 1979 and introduced a new
incentive-based pollution control programme in which
the environmental performance of firms is rated from best
to worst using five colours—green. blue. yellow. red and
black—and the ratings are disseminated to the public
through the media (Xie and Florig, 1997; Wang et al..
2004). This system is arguably one of the most complete
pollution levy systems in developing countries. However,
the levy has been criticised as being too low to give
polluters incentives to reduce their emissions, for the water
pollution fees are small relative to the marginal costs of
pollution control (Wang. 2000; Wang and Wheeler, 2000:
Vermeer. 1999; Krupnick. 1992; World Bank., 1992;
Sinkule. 1993), Thus, many enterprises simply choose to
pay the effluent or emissions fee rather than incur the costs
of pollution cantrol. Further. because effluent and emis-
sions fees and fines can be lower than even the operating
and maintenance costs of pollution control equipment.

many enterprises that install pollution control equipment
have litlle incentive (o operate il once installed. For
example. Sinkule (1993) reveals a ecase in which the
operating costs for wastewaler treatment were more than
cight times the [ee imposed for not operating the
equipment.

In addition to the pollution levy, since the mid-1990s the
Chinese government has taken several important steps
towards pollution control. The government will punish
whoever is in violation ol State environmental regulations
and causes serious pollution ol land, water or the atmo-
sphere. The penalty is up to 3 years imprisonment and a
fine. Up to 7 years imprisonment can be imposed in the
most serious cases. (The most extreme measures include
capital punishment under the codification of environmental
crimes introduced in 1997.) All relevant ministries of the
central government—including SEPA, the Ministry of
Agriculture, the State Planning Commission and the State
Economic and Trade Commission—issued new regulations
to curb pollution by TVEs in 1997. The new regulations
hold the county magistrales and Lownship mayers respon-
sible for environmental regulation enforcement. In addi-
tion, the central government will cut off all state funding
for rural enterprises that are considered environmental
hazards. Governments has warned that it may revoke
business licenses, cut off power supplies and state funding
or detain managers on criminal charges to bring polluting
TVEs into line (South China Morning Post (Hong Kong),
17 December 1996).

The central government has set up tough regulations and
targeted certain geographical areas as priorities for
pollution control. In 1997. it started a so-called *33211"
programme targeting priority pollution control projects in
geographical areas which were experiencing major envir-
onmental problems: three rivers (Huai, Hai. and Liao),
three lakes (Tai, Chao and Dianchi), two control regions
(which were major sources o SO» and acid rain), one sea
(Bohai). and one city (Beijing—in consideration of the 2008
Olympic Games).

The Huai River valley is an area of particular concern to
the central government. The director of the SEPA has
himself inspected the Huai River valley regularly and
ordered the closure of thousands of polluting factories. The
waler pollution control campaign in the Huar River valley
is the first river valley based. large-scale water pollution
control program conducted in China. In these programs,
China has 1argeted |5 categories of small rural enterprises.
such as paper pulp mills, textile mills, dyeing mills, small
chemical plants. small breweries and small currying mills—
the “15 small” enterprises. There has been closure of more
than 40000 of these 135 small heavy pollution factories on
the Huai River and 70000 throughout China (Xi and Xu,
2002).

The experience of the Huai River valley in water
pollution shows that the political will of the government,
especially at the national level, is critical to the suecess of
water pollution control. However, the introduction of
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tough environmental legislation and closure of many
polluting factories in rural areas have not solved the water
pollution problem. This is mainly because the legislation
and implementation as well as the campaigns have failed to
consider the unique nature ol rural enterprises and the
difficulties faced by environmental law enforcement in
rural areas. [n the remainder of this paper we will discuss
these factors, under three headings—the nature of rural
industry (its size. locational characteristics and relation to
local officials), the institutional framework that prevents
agencies from effectively enforcing environmental policies
and regulatory mechanisms. and the on-going economic
transition.

4. The characteristics of rural industry
4.0, Small is not beautifiel

One of the common characteristics of rural industry is
small enterprises. The mushrooming Chinese economy
allows a few small rural enterprises to become large and
some successful rural enterprises have grown to employ
well over 1000 workers. Likewise. those rural enterprises
registered as loreign or Hong Kong/Macau/Taiwan owned
employed on average over |30 workers (Table 1). Never-
theless. the average size of all rural enterprises was only six
employees in 2003, In fact, more than 93% of all the rural
enterprises are run by rural households (MoA. 1993). Moslt
rural enterprises are relatively small; indeed, most private
enterprises in rural China are family run businesses, many
using outdated methods and primitive production technol-
ogy with low energy and resource use efficiency and high
pollution (Liu. 1992).

There is, though, some geographical variation in the
size and productivity of rural enterprises across China

Tahle 3

(Table 3). Along the coast, rural industries tend to employ
more workers and to have higher values of oulput per
worker than in inland areas. Tibet is a notable exception—
here rural industries are large but the value of their output
per worker is low. Overall. the smallness and relatively low
value of output per worker means that these industries lack
the resources o manage their waste streams effectively
(Lin. 1997).

4.2. Dispersion of rural industries

In addition to their smallness. China’s rural enterprises
are also spatially dispersed. SOEs and other large non-stale
enterprises with annual output of mere than ¥5 million are
mostly located in the 669 major cities of China. but rural
enterprises are located almost in every corner of China’s
territory. The more than 21 million rural enterprises are
spread widely in 43735 towns and 734715 villages. This
dispersal is a significant point of dilference from western
economies. Since the Industrial Revolution, urban areas
have been the sites for most industries in the west, whereas
rural industrial development on a massive scale has never
occurred (Fothergill, 1985: Fullton. 1974).

Such a pattern of enterprises scattered in villages and
townships makes environmental monitoring difficult. Not
only is it difficult to monitor rural enterprises because of
their dispersed locations. it is also the case that China’s
environmental menitoring stations are under staflfed. In
China. there were 46000 environmental monitoring stall
and inspectors in 2003 most of whom are located in urban
administrative centres. Even il all environmental monitor-
ing staff were assigned to monitor water pollution Irom
rural enterprises. each staflf member would have to be
responsible for 111 rural enterprises. Because environmen-
tal monitoring staff are insufficient to mountl [requent

China’s rural industry: average size'and output value per worker by provinee (in 2003)

Region Employees per Oulput value per Region Employees per Quiput yvalue per
enterprise {persons) worker (000 RMB) enterprise (persons) warker (00 RMB)
China total 63 11 Arihui 6.3 60
Shanghai 5204 364 Shandong 6.2 137
Chongging 244 94 Heilongjiang 6.2 106
Tibet 198 - ] Jangxi 5.1 63
Tangsu 102 184 Hunan 5 70
Tiitnjin 10,2 172 Guizhou 4.8 54
Jhenang 10 204 Shaanxi 4.6 52
'Glu-mgdung 9 12 Li;mning 4.6 184
Altanxi 8.3 87 Inner M. 4.5 a1
Hahei 44 126 Sichuan 4.5 el
Beijing 8 141 Qinghai 43 52
Fujlan 54 125 Guangyi K 53
Giansu 7.1 67 Yunnan o 03
Henan 7 89 Ningxia 3.7 44
Hainan 0.8 ol Jilin 34 87
Huhe f.6 03 Xinjiang 2.3 46

Soterce: NBSC (2004,
Nofe: dn Approximate exchange rate is SUS1 = RMB 8.
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unannounced inspections, rural enterprises are nol prop-
erly inspected (Sinkule, 1993). For example, 2000 employ-
¢es in Zhejiang EPA have 1o monitor over one million
TVEs. which means that each staff member on average has
to monitor 500 rural enterprises (in addition to urban
enterprises).

Another reason for the omission of many rural
enterprises from the environmental inspection system is
related to the current policy of levy charges. According to
the regulation, 80% ol discharge fees are returned to
industries for investment in waste treatment [acilities: the
remaining 20% goes to the Environmental Protection
Bureau (EPB). This money collected from industries is
crucial to the EPB’s operation: to pay for employees’
salaries and bonuses. research funding. environmental
supervision, and environmental education campaigns.
However, in the current pollution levy system, fines
imposed on small enterprises for pollution violations are
very small and, as we have seen, most rural enterprises are
very small indeed. Thus, the revenue from pollution fee
collection could drop significantly if local EPBs allocated
most of their limited resources to monitoring small.
scattered. rural enterprises. Such revenue is essential in
the developmenl and maintenance of local waste treatment
facilities so the local EPB has to give priority to the larger
enterprises and more serious polluters, leaving small rural
enterprises immune. For example, Xu (1999) found that in
1998 aver 90% of Hangsu's rural enterprises were not in
compliance and only 4 small number of the peolluting
enterprises were inspected by the local environmental
monitoring station (which was based in the county town).
Only three ol these polluters received warning notices
from the station. and they were all located in the town.
Factories in rural areas producing similar types but greater
amounts of wastewater had never been inspected by the
EPB (Xu, 1999).

4.3, Administrative constraiils

Local governments’ close financial links to rural industry
also limit their enforcement of environmental regulations.
As (he Chinese economy becomes increasingly decentra-
lised, local governments are required 1o carry more
responsibility for environmental performance. However,
rural industries are the major sector of employment of local
labour and also the major financial source for local
government. This is due to the fact that China’s system
ol public finance is highly centralised. Local governments
are only allowed to retain a small amount of tax income (o
offset expenditure, normally sufficient to provide only
limited support for the basic operation of a town
government. However. so-called extra-budgetary revenues
are not subject to budgetary supervision by higher levels of
government. These revenues can be derived from supple-
mentary agricultural, industrial and commercial taxes.
Before 1980, extra budgetary revenues were largely drawn
from supplementary agricultural taxes. Following the

spread of rural industries and central government's
restrictions on local supplementary taxes. such ‘extrag’
now come mainly from local enterprises. In many parts of
the coastal region, the majority ol local governments'
extra-budgetary revenues now come from thege enterpriges.
which have thus become a big income generator for town
governments (Song and Du, 1990). Che and Qian (1908)
have shown that local governments receive direct profit
rom local rural enterprises. Licberthal (19935) suggests that
rural industries can account for up to 80% of the
community’s total revenues, In addition, town and village
governments protect rural industries because they are often
the guarantors for rural enterprises’ loans. If the rural
industries were to fuce economic losses because ol the
enforcement of environmental regulations, the town and
village governments would also face economic losses.

Local governments are also integrated with the manage-
ment of TVEs. Village heads, other political cadres or their
relatives manage many village enterprises. Such a double
role becomes problematic when local environmental stall’
inspect pollution control activities in these indusiries.
Conflicts of mterest make the local officials reluctant 10
penalise what are virtually their own enterprises [or waste
discharges. Bribery and corruption at small and local seales
are the extreme forms of such linkages.

Many local government officials and rural enterprise
managers complain that pollution abatement funds do not
go to rural enterprises but to urban and state owned
enterprises (Wang and Lu, 1997). Local officials are
also concerned about the negative impact on the competi-
tiveness of local products in the market il strict
pollution control is imposed. They believe that forcing a
marginally profitable enterprise to sel up an expensive
waste treatment facility would be equivalent to ordering it
to shut down, since the costs would have to be transferred
to its products and the rising prices of its products would
force it out of the market, causing rising unemployment
and falling township or village revenues. In addition, local
officials would not want to force their local enterprises (o
set up waste treatment facilities unless their competitors in
other villages and towns were forced to do the same
upgrading to the same standards and at the same time,
They do not want their local products to lose price
compeliliveness.

Therefore, the multiple roles of the village and town
governments, together with the uneven implementation of
environmental laws, make it difficult for local authorities
to penalise enterprises for environmental pollution. It is not
surprising that Chan et al. (1995) found that over a quarter
of local officials responsible for administrating the pollu-
tion levy in the cities of Guangzhou, Zhengzhou and
Nanjing disagreed with the polluter pays principle (Chan et
al., 1995). Smil's comment reflects the local olficials’
concern: “If you are a local official, you don't want to
interrupt TVEs or burden them with environmental
controls. If you de that, they will just move to the next
county,” (quotation from Schmidt, 2002, p. S15).
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In addition, the promotion eriteria for local government
officials are mainly related to the economic growth rate of
their locality. Environmental protection is not listed as one
ol the criteria except if serious environmental disasters are
made public and raise concern. Such a system indirectly
contributes to failure in pollution control. Many local
governments become more lenient towards the polluters
when they are under pressure to meet their investment
goals (Zhang and Ferris, 1998).

So. the financial success of a township or village
government and the social sucecess of its officials depend
on the continued economic success of its enterprises—
creating strong countervailing forces against environmental
regulation. An immediate consequence of this dependence
of local governments on rural industry is that rural
enterprise managers often resist or even scorn local
environmental inspectors when they come to collect
discharge fees. Some studies show the existence of local
resistance 1o the pollution levy system (Florig et al.. 1995;
Wang and Lu, 1997). Since local government officials
support them, rural enterprise managers lend not Lo lreal
environmental monitoring stall seriously, For example, n
a study of rural enterprises in Zhejiang, Xu (1999) lound
that only 3.2% of rural enterprises [ully complied with the
environmental inspectors” orders [or waste (reatment.
nearly two ffths ignored the order. and another 16%
partially complied. Many enterprises that were issued
orders simply terminated production —which 1s good for
the environment but justifies the concerns of local officials
about the impacts of environmental regulation on econom-
ic srowth. The limited scale of capital investment tacilitates
this cut-and-run behaviour,

These conditions lead to a levy collection system with
two notable characteristics. The first is collection by
negotiation. The amount that the EPB finally collects is
the result of a negotiation between the two sides rather
than based on officially set fees. Sometimes. local govern-
ment officials give mnstructions for the fee to be collected.
However, the EPBs are typically weak agencies within the
local bureaucracy, so they often end up on the losing side
of such a negotiation. The second feature is collection by
relationship. At the local level, the levy is often collected on
the basis of personal relations between the local bureau-
cracy and enterprises. If EPB officials have a personal
relationship with the heads of enterprises, small fees are
levied. In the absence ol personal lies, enterprises are
charged larger fecs.

However. the lactors that give rise lo this eflect are
precisely the factors that have been important in encoura-
ging rural enterprises to grow so fast and to make such a
contribution to the Chinese economy and the rural
worklorce. The development of the Houschold Responsi-
hility Svatem gave farmers the incentive to economise on
farm labour and to find alternative sources of off-farm
work. These farmers were short of capital, distributed all
aver the country. and (usually) lacking technical skill; their
principal asset was abundant, cheap labour. Furthermore,

township and village governments themselves in the 1980s
often established these enterprises and one of the reasons
for their success—then, as now—was their close ties o
those governments. Such enterprises as these farmers set up
were bound to have the characteristics that we have
identified in this section as factors leading to a gap in the
implementation of pollution regulation. The growth,
emergence and success of TVEs are inextricably bound
up with their water polluting characteristics.

5. Institutional framework

The factors identified in the previous section only
partially explain the preoblem of environmental enforce-
ment. The national environmental protection system is also
a significant [lactor. When the reform program was
introduced in 1978, the central Chinese government also
introduced a legal framework for environmental protection
and, as mentioned above, tough punishments are stipulated
in the laws for violating environmental regulations. Since
1978, many water pollution laws have been issued
including the environmental protection law (1979), a water
pollution prevention and control law (1984), a water
resources law (1988), a water and soil conservation law
(1991), an improved environmental protection law (1989),
and a revised national water law that came into force in
late 2002 (Jahiel. 1997: Ross, 1992: Yuan and Chen, 2005).
The central government has also released a series of
management guidelines, regulations, and standards for
environmental protection (Environmental Protection Com-
mission. 1986, 1987, 1990, 1991).

To lacilitate the enforcement of these laws and regula-
tions. the central government set up eight policy imple-
mentation mechanisms: environmental impact assessment.
the three synchronisations (pollution controls are to be
incorporated into the design, construction, and operation
phases of new projects). pollutant discharge fees. the
discharge permit system. the environmental responsibility
system, annual assessment of urban environmental quality,
centralised pollution control, and limited time Lreatment
(Jahiel, 1997; Sinkule and Ortolano, 1995). China now has
a comprehensive legal framework and a nationwide
organisational structure lor implementing environmental
protection measures in both urban and rural areas (Jahiel.
1997).

However. the existing institutional structure is proble-
matic. Al the top level, the chiel organ of water
administration is the Ministry of Water Resources but
the State (sometimes called National) Environmental
Protection Agency (SEPA) is the main body responsible
for water pollution control. SEPA and the Ministry of
Water Resources are complemented in their roles by at
least five other ministries which are also responsible for
water use and pollution protection: agriculture, land and
resources: urban and rural construction; forestry; Lrans-
portation; and the State Development Planning Commis-
sion (Gu and Sheate. 2005). For example. TVES are
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regulated by the Ministry of Agriculture; urban walter
supply systems arc the responsibility of the Ministry of
Urban and Rural Construction: water is supplied by water
supply corporalions: while sewage and wastewater treat-
ment is managed by the EPA.

The structure of environmental organisations in China is
a grid ol vertical and horizontal linkages. In the vertical
hierarchy, each level of government below SEPA has an
environmental bureau: and there are provincial, prefecture,
municipal, county and township EPB. As subsidiaries of
SEPA, these bureaus have numerous responsibilities
including environmental impact assessment., monitoring.
discharge fee collection, and environmental education
(Sinkule and Ortolano, 1995). Other departments with
secloral environmental protection responsibilities at the
same level of government manage pollution or resource
issues in their respective sectors and collaborate with the
EPB in environmental supervision and management. The
relationship between EPBs and other government autho-
ritles 18 structured in vertical and horizontal dimensions
(Jahicl, 1998; Sinkule and Ortolano. 1995;: Mao and Zhang,
2003). An EPB belongs to two distinet government units.
Vertically. a local bureau is part of the envirenmental
protection functional line (rom the national level (SEPA)
through provincial. municipal. and district/county EPBs
and as such receives policy mandates and program
direction from the upper-level EPB. Horizontally, it is also
one ol the departments in a local government and relies
heavily on that government for financial support. The head
of a local government has the authority to appoint and
remove the director of the EPB within his/her jurisdiction
(Gu and Sheate. 2005).

Not surprisingly, the vertical and horizontal dual
institutional structure for environmental protection some-
times [unctions poorly. EPBs at various levels of govern-
ment are still in a relatively weak position in the
government political hierarchy: local EPBs or other
environmental units have relatively low bureaucratic status
(Jahiel. 1994). The vertical functional line does not work
when a local EPB is pressured by the local government, In
the horizontal bureaucratic hierarchy at the same level of
government, the EPB is olten challenged by other
authorities with much longer histories and more powerful
influence over regulatory enforcement and decision mak-
ing, Furthermore, other local government departments at
the same level of government (a township or village, say)
cannot be reguired by an EPB al the same level to act to
protect the environment: only a higher level EPB (in the
county governmenl, say) can require such action. This is
important because the administration of TVEs falls under
the jurisdiction of local agriculture departments.

Guanxi also heavily influences environmental policy
implementation. Good guanxi between government depart-
ments is important and EPBs need to keep good guanxi
with other government departments. In addition to levying
fees on enterprises that exceed pollution discharge stan-
dards. environmental protection bodies can issue orders to

shut down enterprises that repeatedly [ail (o meet national
standards. Closing a plant, however, requires the support
of other departments, such as the planning, construction
and other powerlul industrial burcaus committed (o
economic development. Not surprisingly. these other
bureaus often fail to support an EPB’s decision. In
addition, an EPB’s cooperative guanyi will ensure effective
monitoring of the polluting enterprises. For example. the
industrial and commercial department approves industrial
operation licenses and without good guanxi with this
department. EPBs remain uninformed about such funda-
mental matters as where enterprises are located and what
they are producing. Although, by law, all new enterprises
that produce pollution should be approved by the EPB.
they often are not. The reason is poor coordination and
perhaps rivalry between departments.

Since the administrative structure places the local EPBs
under the dual supervision of both local government
and the upper level EPBs. local EPBs find it difficult to
carry out their mandates. In particular. the township
environment coordinators have to menitor pollution and
other environmental problems at the direction ol the
upper-level EPBs; they have to satisfy local government
officials: and they have to deal with water polluters
directly. As indicated, local government officials often
protect TVEs and other rural enterprises Irom the
prescribed consequences of their pollution. The central
government tries to remedy such problems by using the
mass media. environmental organisations, environmental
education programs, and environmental students’ move-
ments to raise public awareness of environmental issues
(Hamburger, 1998).

These [actors are the product of institutional desien
failures. Many of the current environmental orders are the
result ol deals between local environmental protection
agencies. SEPA. other ministrigs. local governmental
bodies and the polluting enterprises themselves. They are
therefore often ineffective. and their creation is inefficient.
The degree of actual compliance and enforcement depends
on the region concerned and the personalities of the
different players involved. However, as we will demon-
strate in the [ollowing section, these weaknesses are
themselves directly related to the character of the trangition
in China from a command (o a more market-oriented
economy.

6. Administrative transition

We have already claimed that the factors that underpin
water pollution among TVEs are also the factors that
have helped TVEs become so important: in that respect.
water pollution is integral to the model of TVE growth.
But Section 5 demonstrated some institutional weaknesses
that prevent the complete regulation of rural industry by
the state’s environmental protection system. To a large
degree, these weaknesses reflect the character of the
transition in China.
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In a political sense, transition in China has involved a
decentralisation of power from the central to the local
levels of government. empowering the local levels of
government and permitting distinct, regional models of
development to emerge (Webber et al.. 2002). Local elites
now have substantial flexibility to pursue economic goals
for themselves and their localities. In many accounts, this
local flexibility is one of the key factors that have
underpinned the rapid growth of China's economy over
the past quarter of a century (Whiting, 2001: Li. 2005:
Horowitz and Marsh, 2002).

However, it is this same local flexibility and power that
underpins the matrix government structure and which
makes economic development exclude environmental con-
siderations. The financial and other associations with local
enterprises make local governments unable and unwilling
to implement water pollution regulations. The case of the
Huai River basin indicates that only when the SEPA
director himselfl is personally in charge of pollution control
in targeted areas do local officials have to cooperate with
the national regulations. However. such an approach
cannot fix the pollution problems in the far more numerous
rural areas.

Local flexibility and power contributes to the water
pollution problems ol rural areas in another way. The clean
up of cities in China has put urban enterprises under
increasing pressure to modify the environmental impacts of
their operations. Polluters have two options when they are
targeted in this way. One is to move their operation to rural
areas where the environmental regulations are less strictly
enforced and environmental standards are lower. This
movement has led to a large scale relocation of pollution.
For example. according to Xu (1999), over 700 industrial
enlerprises in central Shanghai were classified as ‘serious
polluters’ and relocated to outlying suburbs as part of a
campaign to reduce pollution within the city (Wu and
Wang, 2007; China Environmental Reporter, 1997). Some
enterprises moved to rural areas in the neighbouring
provinces of Jiangsu, Anhui and Zhejiang. The second
option is to upgrade their production equipment to meet
the environmental standard and to sell the disused
equipment, often sold to rural enterprises. Xu's (1999)
survey in Qinshan in Zhejiang province indicates that
village enterprises are particularly frequent users of second-
hand equipment from urban areas—that had been banned
from cities by strict pollution discharge regulations. This,
too, has led o an increase in the amount of pollutant
discharge in villages.

7. Conclusion

Rural industrial growth in China has occurred almost
outside central environmental management systems. De-
spite a variety ol new laws. regulations and guidelines.
mmplementation gaps still exist. The current water pollution
control system relies on a top-down approach to monitor-
ing, control and supervision. While this may work in cities

where industries are spatially concentrated and pollution-
monitoring systems are well developed, it does not work in
the rural arcas where water polluting indusiries are
dispersed in villages and have close associations with local
government officials. Water pollution control regulations
can be applied to rural industries only to the degree that
local government officials are able and willing to imple-
ment environmental standards and exercise authority.

The problems of controlling rural waler pollution derive
from the same characteristics of Chinese development that
have proved so successlul in generating rapid economic
growth. The limited capital investment, small labour forces
and dispersal over the countryside that made the TVE
model so adaptable to the conditions of the Chinese
countryside are also the conditions that make rural
enterprises so polluting and hard to monitor. The close
ties to local government that have underpinned the
competitive success of rural enterprises against the more
sophisticated urban enterprises are also the ties that make
it so difficult to enforce environmental regulations in rural
areas. The power and flexibility of local governments to set
their own development agendas has encouraged govern-
ments to adopt a variety of models of development suitable
to their regional conditions, but has also worked to reduce
the power of the central government to set uniform
standards of practical regulation.

In other words. it is not possible to separate the problem of
controlling rural water pollution [rom the model of develop-
ment that the Chinese state has been following, Rural water
pollution is an integral. if only implicit. effect of that model. It
follows that. to control water pollution from rural industry
more effectively will be to modily the model of (rural)
development. It is not possible to expect to control rural water
pollution simply by encouraging more effective local regula-
tion: it is the development model that has to change. There are
two obvious contending possibilities of change. One is to
reverse the empowerment of local governments. This would
give the central government more direct control, but would
mean that local individual paths of development would
prabably be discouraged. and it would impose a huge
monitoring task on SEPA. The other is to alter the relative
salience of economic growth and environmental quality within
local societies through raising environmental awareness.
providing media with more freedom (o report on environ-
mental conditions, and giving cilizens more voice in local
government affairs. This requires the government Lo allow
these kinds of inherently soctal changes. even though they
may in turn modify the nature ol governance in rural areas.
Indeed, there have been some changes thal are facilitating
some such democratisation of local environmental govern-
ance. which is appropriate given that rural water pollution is
primarily a product of —and impacts on—local rural societies.
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Abstract

Granular sludge is the key factor for an efficient operation of an upflow anaerobic sludge blanket (UASB) reactor. In ordér Lo monitor
the granularity of anaerobic sludge, the determination of the granule size distribution is of vital importance. For this reason,
several techniques have been proposed: however, they are either tedious, imprecise or expensive and hardly applicable in full-scale
treatment plants. There was then the need for a simple and low-cost technique. This technigue involves the determination of the settling
velocities of a sludge sample and of extrapolating the corresponding diameters using a mathematical algorithm, [n the proposed
algorithm, the granules density was caleulated. the flow regime was examined and finally the granule size distribution was obtained. Two
very important correlations were suggested by the experimental results. The granule density and diameter were strongly correlated with

the VSS/TSS ratio.
) 2007 Elsevier Lid. All rights reserved.

Keywords: Granule density: Granule diameter: Granule size distribution; UASB: VSS/TSS ratio

1. Introduction

The last 20 years, many full-scale upflow anaerobic
sludge blanket (UASB) reactors have been constructed Lo
treat industrial wastewater. The limitations of UASB
reactors are related to the wash out of biomass. So, the
granulation process is a pre-requisite of a UASB system
start-up and operation. The treatment capacity of a UASB
system depends on whether granulation is accomplished
with particular operating conditions, e.g. wastewater
composition, organic loading rate, temperature. etc.
(Jetson and Chamy. 1998: Xu and Tay. 2001). The quality
and stability of sludge directly dictates the behaviour of the
entire treatment system. One of the most important
characteristics is their size distribution. This size with their
density defines the settling properties of the sludge, an
attribute that is tundamental from the operational peint of
view (Jeison and Chamy, 1998),

“Corresponding author. Tel; +302107723268: fax: + 302107723269,
Femail addresses: avlys@tee.gr (A, Vlyssides)., belli@ central.ntua.gr
(E.M. Burampouti), mai(ecentral.ntua.gr (S, Mai).

(1301-4797/8 - see front matter (©) 2007 Elsevier Lid. All rights reserved,
doi 10101 6/] jenyvmun. 2006, 1 2,018

To date. three techniques are routinely used to determine
the particle size distribution of UASB sludge. Two of them
consist in the direct size measurement with a microscope of
at least 100 sludge granules immobilized in a Petri dish.
This can be done either manually with a porton graticule or
automatically using image analysis and computerized data
processing (Hulsholf Pol, 1989; Dudley et al.. 1993). The
last method involves particle size analysis by laser and hus
been introduced in the late 1990s (Yan and Tay. 1997).
Unfortunately, all these procedures present several dis-
advantages. The graticule one is very tedious. while the
image and laser analysis are expensive (al least SUS 10,000
for image analysis and between 30,000 and 60,000 for
the laser one). Finally, none of the previous technigues.
because of their complexity or cost can be easily set up in
treatment plants, and as a consequence are almost confined
to laboratory studies (Laguna et al., 1999),

1t is therefore of great importance to have a technique
that allows the evaluation, in a reliable and reproducible
way. of the size distribution of anaerobic granular sludge.
This paper presents a way o evaluate the sludge size
distribution using settling velocities of a sludge sample and
extrapolating the corresponding diameters.
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2. Materials and methods

2.1 Sowree of gramdar shidge

In the present investigations. the physical properties ol
anaerobic granular sludges cultivated on different types of

wastewater and coming from four different UASB reactors
were determined and compared. The granular sludge
samples tested were:

granular sludge cultivated on wastewater from a potato
processing industry;
granular sludge cultivatled on dairy wastewater with iron
addition:

— granular sludge cultivated on dairy wastewater with
caleium addition:

— granular sludge cultivated on dairy wastewater.

The choice of the sludges ensured a wide range of sludge
composition and physical characteristics.

2.2 Gramle densily measurement

The granule densitv was determined with a4 picnomelter
according to the method of Mahling (1965). This
density measurement was performed at 30 C using 25ml
flasks with glass stoppers with capillars. The granule
density (p,) was calculated according to (Hulsholfl Pol.
1989):

ity — )

y) R : + Py 1
I{,) (11> — iy ) — (1mry — 115) Pa L

p = (p\!:

in which p, is the density of the air (kg m— ') which is 1.163
at 30°C, and a Py, of 760mmHg: #ry the weight of the
emply picnometer (kg): ms the weight of the picnometer
filled with water (kg): s the weight of the picnometer filled
with sludge (leg); iy the weight of the picnometer filled with
water and sludge (kg): p,, the densitv of water (kam ™).
which is = 993.85 ut 30 °C.

2.3 Upflow veloeity test

The settling propertics ol granules were evaluated by
the fractions ol granules exited under certain upflow
velocities in a fractionaung device (Fig. 1) (Andras ct al.,
1O%8), About 8ml of granules from the reactor were
separated o en ractions under upllow liguid velocities
of 1.8, 2.2, 3.4, 5.1, 10.7, 16.8. 21.1, 30.9, 46.6, 99.6mh~".
respectively. and at each velocity for Smin. Each fraction
from the fractionating device was collected in & Whatman
(1 BS) flter paper. TSS and VSS in each fraction were
determined using the method described by Andras et al.
(1989).

The analysg lor TSS and VSS were conducted in
aocordance with the standard methods.

T 10 mm

B
o
o
b
L

—= VACLUM

SE—— N

Fig. | Upllow velociiv test apparatus,

3. Results
3.1 Granule density

A total of 400 sludge samples {rom the four UASB
reactors operating under different conditions (e.g. loading
rate. metul addition. temperature) were collected for a
period of 2 months. For these samples, the total and
volatile suspended solids concentrations as well as Lheir
density were determined. Each measurement was repeated
three times and the resulls presented are the mean
values. The standard deviations of total and velatile
suspended  solids  concentrations were 3% and 6%,
respectively. Regarding the standard deviation of density,
it was 10%.

A significant correlation {R2 = 10.968) belween the
aranule density and the ratio VS§/TSS of the sludge arose
(Eq. (2)):

VSS
TSS"
in which VSS/TSS is the % of volatile suspended solids.

Fig. 2 presents the densities measured experimentally for
the 400 different sludge samples and the respective densitics
predicted by Eq. (2).

py = 1387 = 3.77 (2)

3.2 Settling properties of gramdar sldge

For 100 sludge samples, the upllow velocity test was
perfarmed, and VSS, TSS concentrations of every fraction
were determined. A settling wvelocity profile ol cach
particular sample can be depicted by plotting upllow
velocity versus per cent of TSS lost from the glass lest
device (Fig. 3a). A plot of cumulative per cont of TSS
lost from the glass test device versus upflow veloeity 18
more revealing and an easier way Lo interprel the results
(Fig. 3b). Figures such as Figs. 3(a and b) were ]Jlolicd for
euch of the 100 samples examined.
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A mathematical algorithm was deyveloped in order to
estimate the size distribution of a sludge sample from the
upllow velocity and the VSS/TSS ratio of each fraction.
assuming spherical granules. Given the upflow velocities.
the diameter of each fraction. may be estimated. alter a
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looping procedure. from the following Eqs (3)-(5)
(Meteall and Eddy, 1991) taking into account the [low
regime:

05
x | 8arv
For laminar llow (Re<0.3) d = ,7”! < (3)
Y (L" - [)
i

) . 5 3.!-.*: (‘D

For transient low (0.5<Re<10°) d =—F—. (4)
4¢ (:ﬁ - l)

- 0.3 ”
For turbulent fow (Re>10") d = — (5)

a(ir—1)

where ¢ is the granule diameter (m): u the upflow velocity
(ms™'); v the kinematic viscosity (m~s~ "), which is
01 x 1077 at 30 C; g the gravitutional acceleration

Fig. 2. Correlation of densities with VS5 TSS ratio. (9.81 ms j]: and Re the Revnolds number.
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(', = Drag coellicient. which can be caleulated by

24 3

E+W+{]'34' (6)
lor transient flow,

For the diameter caleulation, the value of granule
density (py,) 1s necessary. so Hq. (2) was indispensable.

For the typical sludge sample presented in Fig. 3. the
corrcsponding size distribution is depicted n Fig. 4. Tt 15
evident that bv a simple settleability test. the size
distribulion of a sludge sample may be obtained avoiding
tedious. imprecise and expensive tests. such as microscope
sizing, image and laser analysis,

After processing the experimental results of the upllow
velocily test, the size distribution of all samples came up.
This reveuled a significant correlation between the granule
diameter and the ratio VSS/TSS. Eqg. (7) depicts this
correlation (Rj =0.975)

L=

VS5/TSS

— R i g 1 _
i 3 x 1077 % Iu_g(l 97 37

Fig. 3 presents the granule diameters estimated lrom
experimental data for the different sludge samples and the
respective diameters predicted by Eq. (7).
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Fig, 4, Purticle size distnbution lor a sludee sample.
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4. Conclusions

Among all the different Lypes of anaerobic digesters
applied at full scale. UASB redctors present the best
commercial acceplance. The success of these reactors 1§
related to their capacity for biomass accumulation by
settling without the need of a carrier. Good settiing
properties are obtained through the floceulation of the
biemass in the [orm of dense granules with diameters up to
several millimetres. The evolution ol size distribution is of
vital importance for the monitoring of UASB reactors. [n
this paper. a simple technique for the determination of size
distribution was presented. No sophisticated equipment is
needed und results can be obtained within 4 couple of
hours. The analvses are completely reproducible. with good
precision and exactitude. Small samples of sludge are
needed. which is especially important in the case of
laboratory scale reactors, where large samples are not
available. The proposed technique consists ol the determi-
nation ol the settling velocities of o sludge sample. by the
test proposed by Andras et al. and also used by a number
of researchers (Hulsholf Pol. 1989; Grotenhuis et ul.,
1991; Laguna et al. 1999) and of extrapolating the
corresponding diameters using a mathematical algorithm.
In the propeosed algorithm. the granules were assumed
spherical, their density wus calculated. the flow regime was
examined and finally the granule size distribution was
obtained.

Two very important correlations were suggested by the
experimental results. First. a good correlation between the
density and the VSS/TSS ratio of granules was established.
The diameler ol granules was also correlated with the VS5
TSS ratio. This correlation 1sa very useful tool for an casy
and quick estimation of the granule diameter in u sludge

sample. Thus, by the simple and routing, even in industrial

scale, analysis of TSS and VS8S. the characterization of a
studge bed as far as its granulation is concerned can be
casily achieved.
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Abstract

Spent hydroprocessing catalysts from refineries have been classified as hazardous solid waste by the United States Environmental
Protection Agency (USEPA), refiners must find a viable but economical solution to solve this serious envirenmental issue. Catalyst
rejuvenation is an attractive option for minimizing the environmental problems associated with spent catalysts. In this study, a
preliminary design for such a process and the corresponding cconomic analysis are performed Lo assess the proposed catalyst
rejuvenation process for metal-fouled spent catalysts generated in residue hydroprocessing units. The scenarios used in the economic
assessment are based on three options of process synthesis and (wo operator modes. It is found that the option of rejuvenating medium
and lightly fouled spent catalyst produced by the refinery will be the best solution for refiners. both environmentally and economically.

({1 2007 Elsevier Ltd. All rights reserved.

Kepwords: Hazardous waste; Hydroproeessing; Spent catalyst recycling; Rejuvenation: Economic assessment: Waste utilisation

I. Introduction

Spent catalysts form a major source of solid wastes in the
petroleum refining industrics (Habermehl, 1988: Trimm.
1990; Furimsky. 1996: Chang, 1998). The quantity of spent
catalysts discharged from different processing units depends
largely on the amount of fresh catalysts used, their life and
the deposits formed on them during use in the reactors. In
most refineries, @ major portion of the spent catalvst wastes

come from the hydroprocessing units because of the use of

large quantities of catalysts in the hydrotreating process for
the purification and upgrading of various petroleum streams
and residues. The volume of spent hydroprocessing catalysts
discarded as solid waste has increased significantly in recent
years due Lo the following reasons:

@ rapid growth in the distillates hydrotreating capacity to
meet the increasing demand for ultra-low sulphur
transportation fuels:

® a stcady increasc in the processing of heavier feedstocks
containing higher sulphur and metals content, and

*Corresponding author. Tel.: + 965 3980499; fux: +965 3980445,
L=l aeeress: ckami@ prse kisr.edu.kw (E. Kam).

1301-4797/5-sec fronl matter @ 2007 Elsevier Lid. All rights reserved.
dat 10 1016 jenvman 2006 12.017

e rapid deactivation of and unavailability of a reactivation
process for resid hydroprocessing catalysts.

In Kuwait’s refineries, over 250000 barrels of residues
are upgraded and converted to high-quality products by
catalytic hydroprocessing, bringing substantial economic
returns to the country. These operations generate a
substantial amount of spent catalysts as solid waste every
vear. Currently, about 6000 tons of spent catalysts are
discarded as solid wastes from Kuwait's refineries annually.
This will increase further and exceed 10000 tons/vr when a
fourth refinery is built te process heavy crudes and
residues.

Environmental regulations concerning spent catalyst
disposal have become more severe in recent years (Rhodes.
1996). Spent hydroprocessing catalysts have been classified
as hazardous wastes by the United States Environmental
Protection Agency (Rapaport, 2000; USEPA, 2003). The
most important hazardous characteristic ol spent hydro-
processing catalysts is their toxicity. Due to the hazardous
nature of spent catalysts. refiners are being pressured by
environmental authorities to ensure the safe handling of
spent catalysts. Disposal in landfill is environmentally
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restricted  because chemicals. such as vanadium (V).
molybdenum (Mo). nickel (Ni), and cobalt (Co). present
in the catalysts can be leached by water after disposal and
subscquently pollute the environment (Furimsky, 1996). In
the USA, the disposal and treatment of spent refinery
catalysis is governed by the Resource Conservation and
Recovery Act (RCRA), which holds not enly the approved
dump-site owner liable. but also the owner of the buried
waste. This environmental responsibility continues for the
life of the dump-site. The current RCRA regulations
require landfills to be built with double liners as well as
with leachate collection and groundwater monitoring
facilities. Thus, the landfill option is becoming expensive
today. In addition. it carries with it a continuing
environmental liability. Treatment prior to landfilling
may be necessary in some cases, further increasing the cost.

In recent vears. increasing emphasis has been placed on
the development of processes for recyeling of the waste
catalyst materials as much as possible (Marafi and
Stanislaus, 2003b). Recovery of metals and other compo-
nents (rom the spent catalysts is possible, particularly for
catalysts that contain high concentrations of valuable
melals (Berrebi et al., 1994; Case et al., 1995; Lianos and
Deering, 1997: Kar et al.,, 2004; Marafi and Furimsky,
2005; Chen et al.. 2006). However, fluctuations in the
market prices of the recovered metals and their purity.
together with the high costs of shipping significantly
influence the economics of the metal reclamation process
making it less attractive for spent catalysts that contain low
metals concentralions,

An attractive approach to minimize the environmental
problem associated with spent catalyst is to reactivate and
reuse them. A survey of literature revealed that the
technology for reactivating spent catalysts from residue
hydroprocessing operations is not yet well developed
(Furimsky and Massoth, 1993: Furimsky. 1996: Trimm,
2001; Marali and Stanislaus. 2003a). Catalvsts are deacti-
vated by pore blockage and fouling of the active surface
with coke and metal (V and Ni) deposits originating from
the heavy feedstock (Furimsky and Massoth. 1999: Kam
et al.. 2005: Al-Dalama and Stanislaus, 2006: luraidan
et al., 2006). Regeneration by conventional procedures
using nitrogen-air or steam-atr under controlled conditions
does not result in complete reactivation of the catalysts.
While carbon deposits are removed completely, metallic
impurities remain on the catalysts. The foulant metals are
usually concentrated near the outer surface of the pellet,
blocking pore mouths and markedly reducing the active
surface aren available within the inner pores of the catalysts
(Quann et al.. 1988: Al-Dalama and Stanislaus. 2006). If
the contaminant metals can be removed selectively by
chemical treatment without significantly affecting the
chemical and physical characteristics of the original
catalyst, then the spent catalyst could be rejuvenated and
reactivated. Therefore, considerable effort was devoted Lo
this issue in the Laboratories of the Kuwait Institute for
Scientific Research (KISR) as part of a research program

on the handling and utilization of spent catalyst (Marafi et
al.. 1998). Factors influencing the selectivity of major metal
foulant (V) removal (rom the deactivated catlalyst werc
investigated, and improvements in the key catalyst proper-
ties (e.g. surface area and pore volume) and hydrodesul-
phurization (HDS) activity alter metal leaching were
examined in our studies (Stamislaus et al.,, 1993, 1006:
Marafi et al.. 1994; Marafi and Stanislaus. 2003b) and a
bench-scale process to rejuvenate the metal-fouled spent
residue hvdroprocessing catalyst was developed based on
the results. B

In this paper. a detailed description of the process and an
economic assessment of the overall rejuvenation process
are presented. Scenarios used in the economic assessmient
are based on three options of process synthesis according
to the amount of spent catalyst to be rejuvenated. the
severity ol catalyst deactivation (light. medium and heavy
fouling). and two developer modes. ie.. building and
operation either by a local refinery or by an independent
company.

1.1. Process sclheme

Fig. 1 shows a schematic diagram of the rejuvenation
process, which consists of several operations, such as de-
oiling. sieving of catalyst fines. separation of lightly fouled
(low-density) spent catalyst from medium and severely
fouled portions by jugging. metal leaching, and decoking to
produce the rejuvenated catalyst. The reagenls and
reaction conditions in each step in the rejuvenation study
are described in Section 2 on Process Design. The physical
and chemical characteristics of the rejuvenated catalyst
compared with those ol fresh and spent catalysts are shown
i Table 1. It is seen that the spent catalyst is fouled with
carbon (20 wit%) and vanadium (6.5 wt%) deposition. and
its surlface area and pore yolume are, respectively, 62% and
86% lower than that of the fresh catalyst. Substantial
improvements in the chemical and physical characteristics
have occurred in the rejuvenated process. The rejuvenated
catalyst contains no coke, and its V content is 80% lower
than that ol the spent catalyst. V distribution profile
measurement by electronic microprobe analysis showed
that the small amount of V remaining in the rejuvenated
catalyst was nol concentrated near the outer surface of the
catalyst pellets, but evenly in the pores (Stanislaus et al..
1996). The surface area increased from 88 to 240m2;'g, A
similar increase in catalyst pore volume 18 also noticed.
HDS activity measurements showed that over 92% of the
activity of fresh catalyst was recovered by rejuvenation.

1.2. Process architectine

Similar to the bench-scale processing scheme, the spent
catalyst rejuvenation process is basically a combination of
several types of unit operations in chemical engineering,
such as solvent extraction. separation. and chemical
reaction. Based on the amount and severity of deactivation
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Fig. . A bench-scale spent catalyst rejuvenation processing scheme.

Table 1
Characteristics of spent, fresh and rejuvenated catalvsts

Catalyst characteristic  Spent Fresh Rejuvenated (via
oplion)
lLand 1 1
Chemical composition (wt%)
Mo, 11.20 12.00 1010 1180
Col 3.20 4.20 3.05 4.01
Ni 2.80 = (.94 0.60
¥ 6.30 — 1.30 1.60
c 20,00 - . —
S 6.30 — =
e 0.19 (.10 (.06 (.03
Na 0.50 0.20 0.35 0.27
Physical properties
Surlace area (m/g)  YR.0 257.00 240.00 221,00
Bulk density (g/ml) L3 0.70 0.79 0.78
Side crushing 7.30 7.50 7.10 Fil3
strength (N/mm)
Pare volume (mljg) 0.05 (.55 0.48 01,49
Relative HDS activity 0.28 1.00 .92 0.93

e

ol the spent catalysts to be rejuvenated. three process
configuration options can be used.

Option | (Fig. 2): spent catalyst soaked with residual oil
is de-oiled first by washing with kerosene. Then the oil-free
spent eatalyst 18 mechanically separated to catalyst fines
(<0.3nm pariicles), and lightly, medium, and hcavily
fouled catalyst portions. The medium dense and heavy
portions are subjected to chemical treatment to remove
foulant metals by leaching. Finally, the resulting leached
catalyst and lightly fouled catalyst portions are mixed
together and decoked by controlled combustion to yield
rejuvenated catalysts that are free of coke and most metal

foulants as the finished product. The numbers shown in
Fig. 2 are the mass balances [or the rejuvenation of
6000 tons of spent catalyst.

Option 11 (Fig. 3): de-oiling, sieving and jigging are as in
Option 1. After separating the spent catalyst mechanically
into three groups. the heavy fouled catalysts are sold as de-
oiled spent catalyst to metal recovery plants. Only the
medium densely fouled catalyst portion is subjected to
chemical treatment for foulant metals removal. The
resulting leached catalyst and lightly fouled catalyst are
decoked to produce rejuvenated catalyst.

Option 111 (Fig. 4): Similar to the Options I and 11, the
spent catalysts are subjected to de-oiling and grouping. The
heavy and medium-dense catalysts groups are sold as de-
oiled spent catalyst without any further processing. No
metal leaching operation is required. The lightly fouled
catalyst portions are decoked under controlled conditions
to produce the rejuvenated product.

Overall and individual inputs from the three process
configuration options to each subprocess for spent catalyst
are summarized in Table 2. The sizes of the de-oiling and
mechanical separation processes for the three oplions are
identical. as are those of the metals leaching plant for
Options 1 and [I. The size of the decoking unit declines
from Option I to Option I and to Option [11. The overall
mass balances for the raw malterials, various catalyst
products and other by-products for each option are shown
in Table 3.

2. Process designs

To design a plant, it is important to know the process
capacity, operating conditions. and special processing or
operational precautions needed due to corrosion. However,
it is equally important to consider carelully the toxicity
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Fig 2. Rejuvenation process

and hazards of processing chemicals. materials needed
for construction, and means to comply environmental
regulations.

2.1, De-oiling process

Before attempling to leach the poisonous metals from
spent calalyst, it s essential to remove all of the residual o1l
mside or covering the catalyst particles. This enables the
leaching agent to reach the compound metal deposits
without contamination or restriction. The main environ-
mental consideration with this process is the release of
volatile organic compounds (VOCs) as an addinonal
effluent i air emissions from vapourized solvent. which
musl be kepl under lighl control,

Since this is the first process in a sequence and is applied
1o all three options, the planl capacity is expected to be
6000 tons/yvr, The solvent quantity and process temperature
depend on its selubility and boiling point. respectively. as
shown in Table 4. The residence time varies with the APl of

v
Rejuvenated
Catalyst
32641

=

Option 1.

residual oils. the type of solvents, and the elfective
diffusivity ol the solventl. Since the removal of residual
oil is achieved in two stages—oil on the catalyst surface
and ol in catalyst pores - the latter is wsually the
controlling step under normal operation at atmospheric
pressure.

Vapor Irom any ol the solvents- -naphtha. kerosenc.
diesel or gas-oil—is toxic to humans and constitutes a hre
hazard. Thus. and a closed system for solvent flow is
recommended for hetter air-emissions control. In terms of
corrosion. the solventis have a minor effect on carbon steel.
and hence. 304 stainless steel is recommended.

From the bench- and pilot-plant scale experiments. in
which kerosene was used as the solvent (Marafi et al..
1998). Now rates. and solvent. residual oil, catalyst and oil-
i=solvent ratio in the feed or discharge stage are known;
thus the number of stages can be evaluated. Simce de-oiled
catalvst rather than residual oil is the final product. the
design factors depend heavily on the solids mass balance.
From the overall solids residence time. the time catalyst
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Fig. 3. Rejuvenation process—Option 11

particles stay in each stage can be calculated. Subsequently,
the speed of the serew [eeder and rotating scraper arm of
the rotating-blade leaching column can be determined.
Since the recommended space between two consecutive
stages 18 0.3m. and the column diameter can be any size
between 0.3 and 2.2 m. (Foust et al., 1960; Treybal. 1980),
the overall column size is based”on the daily catalyst
thronghput.

De-oiling is a physical process that involves no chemical
reactions. Residence time depends on the physical and
transport properties of the residual oils and solvents. such
us the solubility, diffusivity and wviscosity, which are
functions of process temperature. pressure and flow rate.
The main unit is a contacting column lor co- or counter-
current flow of the liquid and solid phase. The method used
18 baged on a resh solvent and solids feed that 1s mixed and
separated in @ counter-current leaching mode using an
‘ideal stage concept’ (Grosberg, 1950: Dahlstrom et al.,
1997). This implies that the concentration of the solution

adhering to the catalysts in the underflow is assumed (o be
the same as that in the overflow at any stage. It also implies
constant underflow rates or solvent-to-catalyst ratio
between stages.

2.2. Mechanical separation process

After de-oiling, the amount of catalyst iz reduced to
3190 tons/yr on a dry basis. Two processes are emploved in
the bench-scale separation—catalyst fines sicving and
catalyst particle grouping according to density or jigoing
(Fig. 1). It would be advantageous to combine the Lwo
operations in commercial-scale operations to avoid break-
age and attrition in fines sieving in the rest of the spent
catalysts. This would also minimize particulate concentra-
tions in air emissions. Furthermore, process operations
and control could be improved. However. the parti-
culate matter from spent catalyst fines is still a major
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Table 2
Mass: input (Lops/year) Lo sub-processes for the three options

Option De-otling  Mechanical (hydraulic)  Metal Decoking
separation leaching

1 6000 3190 3173 4333

Il A0 S180 987 2427

11 BOOO 190 0 1300

environmental concern. which must be considered very
carefully in the process design.

No drving is required for de-oiled catalyst before
scparation, saving energy. The wet catalyst, in the form
of slurry after mixing with additional solvent. is led to the
tank at a predetermined rate. Since the same solvent as was
used in the de-oiling is employed. the expected hazards and
malerials for construction of the unit are the same as for

the previous process. Also. environmental precautions
must be applied in the process design.

The unit is primarily a phase separator employing the
fluid mechanics. A surface-velocity classifier, such as a
gravity seftling vessel (Fig. 5) is used. It processes
5190 tons/yr of de-oiled catalyst at 298-313K under
atmospheric pressure. Separation depends on the particle
terminal velocity. which is a function of the physical and
transport properties of the solvents and catalyst particles.
By adjusting the liquid flow rate from each compartment.
the catalyst particles with different densities are separated.
For the steady flow of a fluid past a moving solid.
boundary layers are established. The force exerted on the
solid is a combination of boundary layer drag, form drag.
external force and buoyant force. The rate of separation of
phases settling in a gravitational field 1s usually limited by
the rate of fall of the smallest particles with residence time,
which is important in determining the size of the unit.
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Table 3
Mass output (tons/vear) [or the rejuvenuted spent catalyst process
Oplion Catalyst products By-products Taotal
Fines De-oiled spent Rejuvenated Residual oil Leached metals  Carbons and
catalyst spent catalyst combustibles
[ 519 0 3264 810 318 1089 6000
I 510 2184 1820 810 6l 607 6000
11 519 3171 1125 810 0 375 6000
Table 4 medium and heavy categories, it is dried in the dryer,
Solvent properties and process lemperatures 01V06. Each category of catalyst is transported individu-
P— Boiling point (K Solubility —— illy on its own conveyer. The spent bul\.em frmnl 01V03 18
temperature (K) pumped !Jy the filter press feed pump (OIPOZ&:B) to ‘the
catalyst fines filter (01F01) to remove catalyst fines before
A e E"‘?"{:c‘“ j”" joining the makeup solvent stream. The combined solvent
[h;ie;i:ene 23{1 r':m]]c:: \2:‘ stream is pumped by the solvent recycle pump (01P04)
S XCElle fo o o - s 2 . .
Gus oil 625 Vary good 580 back to 01VOI for de-oiling. The recovered residual oil is

2.3, Integration of de-viling and separation processes

Since de-oiling and mechanical separation are needed in
all three process options. it will be advantageous to
integrate the two processes to a single process. Additional
benefits could be realized when the same liquid is used as
both the solvent and the separation medium. This
combined-process unit 18 designated as Unit 01. A
schematic of the integrated de-oiling and mechanical
separation process is shown in Fig. 6. The dotted lines
show (he gas flows. the thin solid lines show the liquid
routes, und the thicker solid lines show the solids paths.

The spent catalyst 1 carried to a holding tank on top of
the de-oiling column (01V01) via the spent catalyst
escalator (01ESO1). The solvent feed is pumped by the
solvent recycle pump (01P04). A small amount of solvent is
added to the catalyst to form a slurry feed. Most solvent
feed. heated in the solvent feed heater (01HO1) enters from
the bottom ol the de-oiling column (UIVOL). It moves
upward to contact spent catalyst particles and remove the
dttached residual oil. while the catalyst moves downward.
The de-oiled spent catalyst leaves 01VO1 and is carried by
the de-oiled catalyst escalator (01ES02) to the gravity
scttler (01VO03) lor separation according to density.

The effluent leaves from the top 01VOI1 and enters the
distillation tower (01V02) for residual oil and selvent
separation. The recovered solvent, as the top product of
DIVO2 passes through the solvent distillate heat exchanger
(O1EQT) before joining the makeup solvent stream. The
combined stream is pumped by the gravily settler unit feed
pump (M PO1IA/B) to facilitate the separation of the de-
oiled spent catalyst in 01V03. The separation depends on
the solvent flow rate, which is controlled by the appropriate
valves. Alter separating the de-oiled catalyst into light.

passed to the residual oil raffinate heat exchanger (01E02)
for waste heat recovery. 1t is then pumped by the heavy fuel
fuel pump (01P03) to fuel the solvent feed heater (01HOL),
the drying air [eed heater (01 H02), and the decoker furnace
of the decoking unit. The remainder is transferred to the
fuel dump. The catalyst fines from 01F0I1. after removing
any traces of solvent are dried and stored lor sale.

The air supply is split into two streams upon exit from
the air compressor (01C01). One air stream. at ambient
temperature, is used to control the air feed temperature to
01V06. The other air stream. after recovering the waste
heat from the three heat exchangers (01E01, 01E02 and
D1E03). is heated in the drying air feed heater (01HO02). Part
of the heated air is transported to decoking unit for
combustion. The remaining hot air mixes with the cool air
stream in the drying air mixer (01V05) to obtain the desired
temperature before entering 01V06 to dry the de-oiled
catalyst. The spent air contains vapour Irom the solvent,
which is stripped out of the air in the solvent stripper
(01V04). The stripped air trom the top of 01V04 joing the
makeup air stream after heat recovering in 01 E03, while the
condensed solvent, from the bottom of 01V04, combines
with the makeup solvent stream for recyeling.

2.4. Metals leaching process

A fixed-bed reactor was used in the bench-scale metals
leaching experiments. When it was scaled-up to pilot-plant
experimentation, both fixed-bed reactors and ¢bullated-bed
reactors (EBRs) were employed. The mechanically sepa-
rated catalysts must be free of solvent before leaching can
commence. The leaching agents used in the process are
considered corrosive hazardous waste if discharged. In the
process design developed herein, the leaching agenls are
regenerated and reused after removal of the leached metals,
which are sold as low-grade metals without Ffurther
processing.
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Fig. 5. A gravity settling unit for catalyst separation.

2.4.1. Design basis

The amount of spent catalyst and severity of metal
contamination differ in the two process configuration
options. Tables 2 and 3 show the details of a yearly mass
balance. In Option [, 3171 tons of the heavy and medium
portions of de-eiled catalysts are processed to yield
318 tons of leached liquid metals and 28353 tons of leached
catalysts. However, only 987tons of medium fouled
catalysts are processed to produce 60 and 927tons of
leached metals and catalysts. respectively, in Option I1. A
solution of 6% ol oxalic acid, 8% ferric nitrate in water is
used as the leaching agent, and the optimal process
temperature has been lound to be 313 K. The results from
the respective kinetic studies have been reported in the
previous sections. A reagent regeneration unit is required
for economic and environmental reasons.

In metals leaching, the solid undergoes a chemical
reaction but is essentially insoluble in the Muid phase. It
can be represented schematically as follows:

A (fluid) + B (solid) — soluble and insoluble product.

The reaction scheme consists of the following steps:

® diffusion of species A through liquid film adjoining solid
particles;

® diffusion of species A through a layer of porous solids to
the reaction surface: and

@ chemical reaction ol reactant A and solid species B.

The rate of any one of the three steps can be rate
controlling.

From our previous study (Marafi et al, 1996). the
leaching kinetics are found to be a dual controlling
mechanism in which the initial leaching is under diffusional
control while the latter stage is under chemical reaction
control. A kinetic model covering these aspects has been

developed (Marafi et al, 1996). Briefly, the leaching
process is considered Lo involve two operations:

e removal ol metal foulants along the main mass transfer
channels (macropores) connecled o micropores until
the pore structure begins to re-approach that of the fresh
catalyst, and

e removal of metal foulants from the pore structure.

In the first stage. metal deposits restrict the movement of
leaching agents and effluents in the pore network. and
therefore. the intraparticle mass transfer becomes Lhe rate-
limiting step.

2.4.2. Process description

The fixed-bed reactor or EBR is the heart of this process
and must be carefully considered in the design. An
additional major item in the EBR unit is the ebullation
pump, which must be capable of ebullating the spent
catalysts continuously throughout the leaching operation.

The unit is designated as Unit 02 in which two EBRs
(02VO1A/B) are employed. This is a semi-continuous
process in which the spent catalyst particles stayv in one
of the EBRs for the required residence time to yield
optimum  leaching, while the other is on standby. The
process flow diagram is shown in Fig. 7. The leaching agent
is prepared and stored in the leaching agent feed tank
(02TKO4). It is pumped by the leaching agent feed pump
(02P03) to the leaching agent bulfer tank (02TKO1).
The high- and medium-density de-oiled spent catalyst is
carried by the processed catalyst escalator. 02ESO1A/B,
to the top of the EBR (02VO1LA/B) and the leaching agent
is pumped from 02TKO! to 02VOIA/B by the ebullation
pump (02P02). Leaching reaction takes place while
the catalyst particles are ebullated. When leaching is
complete, the leached catalyst is transported to the leached
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catalyst-holding tank (02TK02) by fluidization using the
lcaching agent as the fluidizing media. Until all of the
catalysts are unloaded in 02TKO02, the leaching agent
continues Lo be sent o the spent leaching agent holding
tank (02TKO3) for regeneration. The leaching catalyst is
washed fn sinr in 02TKO2 to remove any traces of the
leaching agent. The leached catalyst wash pump, 02P01
cireulates the water. Onee leaching is completed. the
catalystis sent to Unit 03 for decoking through the leached
catalyst conveyer (02CY01), and the fouled water is sent to
the water treatment plant.

The regeneration of spent leaching agent takes place in
any one ol the three leaching agent regenerators (02V02A/
B/C). The regenerated leaching agent is stored in the
regenerated leaching agent tank (02TK03) from where it is
pumped to 02TKO04 for mixing with makeup leaching agent
for recveling, The packing materials used to regenerate the

leaching agent in 02V02A/B/C also require reactivation.
The washing agent is stored in the regenerator wash tank
(02TKO06) and circulated by the regenerator wash pump
(02P0G). It is then sent to the effluent treatment plant for
further purification.

2.5. Decoking process

For most ol the commercial catalytic processes in which
catalysts are deactivated by coke deposition. a decoking
unit is included in the catalyst regeneration process. This is
accomplished mainly by burning off the coke under
controlled temperature and oxygen concentration. Conse-
quently. greenhouse guses and trace of gaseous sulphur
compounds are produced as pollulants in air emissions.
which must be minimized in the process design.
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2.5.1. Design basis

The amount of de-oiled and/or leached spent catalyst
to be processed varies with process option, as shown in
Table 2. The plant capacities are 4353 tons/yr for Option I,
2427 tons/yr for Option 11, and 1500 tons/yr for Option 111.
Two reactor configurations, fixed-bed and moving-bed are
attempted. The process temperature, reagent concentration
and flow rate have been optimized in bench-scale in pilot-
plant studies. The solids residence time is an additional
parameter to be optimized in moving-bed reactor mode.

This unit 18 used (o burn out the coke from catalysts, The
effectiveness of coke removal in a fixed-bed or moving-bed
reactor dictates the size of the contacting unit in processing
the required throughput. The process temperature and
reactant gas concentration, which are the most important

parameters, must be precisely controlled to produce a final
product that meets specifications.

2.5.2. Process description

The decoking process (Fig. 8)., is designated as Unit 03,
which 15 capable ol handling de-oiled, light-density spent
catalyst or leached spent catalyst. The processed catalyst is
carried up to the hopper of the decoker (03V03) by a
processed spent catalyst escalator (03ES01). The decoker is
a counter-current moving-bed reactor mm which catalyst
particles move down from the top while combustion air
enters from the beottom. The reaclor temperature is
carefully maintained by tightly controlling the temperature
in the decoker furnace (03HO1) to obtain optimal proper-
ties in the rejuvenated catalyst. The combustion air supply
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to the decoker (03V01) must maintain a ratio ol 1:20 for
oxygen to nitrogen. The nitrogen streams are heated by the
exhaust gas heat exchanger (03E02) and flue gas heater
(03E01), from 03V0l and 03HOI where the heat is
recovered, respectively. The heated air. coming from Unit
01, mixes with nitrogen gas al a specified ratio, in the
air-nitrogen mixer before entering 03VO01. The luel oil for
03HOI also comes from Unit 01. The exhaust gases from
03E01 and 03E02 are sent to an effluent treatment plant to
remove greenhouse gases and other harmful materials.

The decoked catalyst particles are cooled by two
rejuvenated catalyst cooling fans (03FNO1A/B), while they
are fransported on the rejuvenated catalyst conveyer
(03ESOL) to the rtejuvenated catalyst packing house
(03PKO1) for packing as the final product.

2.0. Otfer auxifiary process

If the rejuvenation process is not constructed in a
refinery complex, additional processing units are required.
For instance. a medium-pressure (3.06 MPa) stream-raising
plant is necessary for the heat duty in reboilers of any
distillation columns or in strippers. Other utilities such as
general water systems, fuel systems and power-generation
plants arc also required. In addition, treatment plants for
gas and liquid effluents have to be installed to remove
harmful materials before releasing them into the environ-
ment. Table 5 lists the additional process requirements for
stand-alone operation. Moreover, site development, in-
dustrial  buildings, and offsitc facilities have to be
considered. Therefore, the capital costs will be substantially
increased.

3. Costs estimation
3.1 Capital cost estimation

To initiate the capital cost estimation. the following
economical assumptions as well as operating and technical
conditions are taken into considerations as follows:

@ a plant capacity is 6000 tons of spent catalyst/yr:

@ a plant useful life is 15 yr;

e an assumed on-stream factor of 0.905, for 330 days/vr
with three 8-h shifts/day;

e direct capital costs covering free on board (FOB) cost ol
equipment, auxiliary materials needed up to commis-
sioning, field labour. contingencies. and building and
construction:

@ indirect capital costs including engineering and super-
vision, design, freight, insurance. and taxes:

® working capital requirements, consisting ol raw materi-
als, finished product in stock. accounts receivable, cash
in hand. accounts payable and taxes payable, which are
assumed to be 23% ol the total capital costs and for a
I-month payable period (Peters and Timmerhaus, 1991);

e three process conliguration options are available, ie.
Options 1, 11, and TII:

o direct and indirect capital cost estimations [or each of
the three processing units, Units 01-03. individually,
with the total cost being the sum of the units required
for each option configuration;

e depreciation based on the fixed assets only (direct
capital investment) over a project life span ol 15yr
applying straight-line depreciation model;

® amortization assumed to be 20% of the indirect capital
investment using a straight-line method for the non-
fixed assets only:

@ interest charge estimated as 10% of the working capital
cosl;

e administration overhead assumed to be 20% of the
fuctory costs:

® sales and promotion taken to be 15% of the actual sales
revenue of the rejuvenated catalysts for each of the three
options:

e a production capacity assumed to be 50% in the first
year with 25% annual growth rate to reach full capacity
in year 3;

e cscalated cost factors taken as 3% for materials: 2% for
labour and 2.2% for indirect costs;

o further costs incurred for the land, site preparation
and other f[acilities required for chemical process
operations, as well as extra manpower for the
administration, management and operation of the
additional units. if the project is not adopted by the
refinery.

To estimate the direct and indirect capital costs; a
commercial software package. CAPCOS Version 6 (Che-
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Tahle 5

Additional process requirements [or stand-alone operation

Generul Lype Specific function Specifications

Fuel system Fuel oil. pumps, storage. piping conirol and
distribution

General waler systems Treated water, filtered and softened 55000 gal/d
Distilled waler 000 gal/d
Drnking and service waler, general facilities 10000 gal/d

Power generzion and distribution

PUTPOSEs

Main transformer stalion
Secondary transformer station

Steam generation and distribution

Gias treatment plant

Ligud effiuent treatment plant Acid. solvent

Water treatiment plant
Cliemical analytical laboratory
effluents

Generalion lacilities
Electrical power distribution for general

Packaged boiler unit
Steam distnbution [or general purposcs

Capacity = 10000 kVA
Capacity = 10000 kVA

Capacity = 10000 kYA
Capaeity = 10000 kKVA

Pressure = 300 psi Temperature = S00 F
Capacity = 1 500001k/h

COs, €O, SO5, solvent vapour

Daily chemical analysis on gas and liquid

Quality control on reagents, water and

solvent
Process control roon

Housing for all electronic process-control

hardware, cables dnd accessories

Air-condilioning

Tahle 6

Comparison of totul capital cost for all options operated in a refinery and independently

Option FOB (LS $ million) Auxiliary materials Field labour (US § Indirect cost (US § Total (LIS § million)
(US § million) million) million)

Refinery operation

| 5.0381 1,3232 1.4478 1.319] 0.1482

11 2.5375 (,8989 09550 09278 5.3192

111 200563 07779 0.8053 0.8014 9.1382

Independent operation

1 6.2728 11045 22368 17772 11.3913

11 3.4307 (1.89RY 1.9882 1.5717 90,9093

1t 4.9605 (,7779 [.8385 14453 9.0312

mkEng Software. 1996) is used. The estimation is performed
for each unit according Lo the respective process design.

The total capital costs reported previously for each
oplion operating in a refinerv are shown in Table 6. The
four main cost elements of. i.e., FOB, auxiliary materials,
field labour, and indirect costs are also given. The highest
capital investment would be US $6.80 million for Option L
This is followed by the others. in descending order: of
Options 111 (US §3.32 million) and Oplion 11 (US $4.44
million). If the project is implemented independently.
additional capitals in the amount of US $4.6 million would
be required (Table 6). The additional capital costs in each
option are more than those of the catalyst rejuvenation
process alone.

3.2, Procuction cost

Production costs are analysed for the three options either
built in the refinery or independently over a project lile of
| Syr based on the following assumptions:

® Raw muaterials: quantities and costs of raw materials
differ for each option. Since spent catalyst has zero
value, it is not counted in the raw malterials costs.

® [Labour: the three options assume operation in three 8-h
shifts/day for 330 days/yr. Extra stall are needed lor the
project to be done independently.

® Maintenance and vepairs: 4% of the direct capital
investment costs.
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& Factory overhead: 20% of the total labour costs for each
option.

e Operating supplies: 15% of the maintenance and repair
COsLs.

® [nsurance: assumed to be 2% of the total direct capital
investment costs.

@ Electricity and wiilities: electricity and water are used in
all the units. Gas supply and extra water lor cooling and
washing are required for Unit 03. Utilities requirements
vary for each option and. hence, the costs.

e Depreciation: for fixed assets over a project life span of
I5vr, applying a straight-line depreciation model.

® Amortization; 20% ol the indirect capital investment
costs using a straight-line method over the first Syr of
the project’s life span. The amortization is (or non-fixed
assets only.

@ Interest charge: 10% ol the working capital cost.

® Administration overhead: assumed 20% of the factory
costs.

® Sales and prometion: 15% of the actual sale revenue of
the rejuvenated catalysts only.

Basically therc are two categories ol production costs:
operating and non-operaling costs. Operating costs are
subdivided into lactory and non-factory costs. Together
with the above assumptions, the total production costs are
estimated and presented in Table 7 for the proposed spent
catalyst rejuvenating process. operated in a refinery or
independently.

Generally, the operating cost increases as the capacity of
the plant increases. If the project is carried out indepen-
dently, the operating costs will be higher than if it is carried
out in the refinery. In this study, Option [ is designed to
rejuvenate all of the spent catalysts. However, the leaching
of heavily fouled spent catalysts 1s more difficult to reach
0% metals removal. Consequently, the operating costs for
Unit 02 in Option I of the spent catalyst rejuvenation
process are far higher than those for Unit 02 in Options 11
and IIl. From the cost estimation. Option [ operated
independently has the highest yearly operating costs of US

Table 7
Production costs for operation in a refinery and independently

Cost (US § million) Option T Option 11 Option 111

Refinery operation

Operalmu cost

Factory cost 10,6311 28620 L7701
Non-fuctory cost 3.7243 20523 14106
Nnn—op::m!ing cosl 0.7547 0.3246 0.2695
[otal production ¢ost 15,1101 3.2389 3.4302
Independent operition
Operation cost
Factory cost 12:0610 3.9245 2.6558
Non-factory cost 4.3069 2.6344 1.9932
Man-aperating cost 08677 0.6221 0.5670
Total production cost 17,2350 71815 5.2160

$17.23 million. The yearly operatling costs decreasce to US
§15.11 million if Option I is operated in a refinery. The
yearly operaling costs for Option II would be al US §7.18
million if operated independently and US $3.24 million if
operated in a refinery, and for Option 111, they would be
US $5.22 million if operated independently and US $3.43
million it operated in a refinery,

2.3, Sale revenue estimation

To estimate the revenue to be derived from sale of
various products, such as rejuvenated and de-oiled spent
catalysts. catalysts fines, and low-grade fuel oil from the
proposed process, the sale prices, after consultation with
the local refineries, are taken to be as {ollows:

® Sales price of rejuvenated catalyst: The price of fresh
catalyst. on average. is US $6000/tons. For year |.
because the product would be new, the sales price is
assumed to be 17% lower than that of fresh catalyst, or
US $5000/tons. The sales price is assumed Lo increase o
92% of the first vear [resh calalyst price (US $5500/tons)
in the second year and to 96% (US $3750/tlons) in year
4. This assumption applies till the end of the project life.

® Sules price of the de-oiled spent catalyst: The sales price of
de-oiled catalyst is assumed Lo be 7% of the fresh catalyst
price of US $5000/tons. The sales price will increase in
accordance with the market price of fresh catalyst of US
$5500/tons in vear 2 and US $5750/tons in year 4. This
assumption applies till the end of the project life.

® Sales price of fuel oil: The sales price of fuel oil is
assumed to be 753% below the market price of US $300/
tons because the quality of the product is lower than
that of the product available in the market.

® Sales price of fines: Fines will be sold at US $100/tons
throughout the project life span since their metals
contents can be recovered as valuable products.

With the above price assumptions and based on the mass
balance of the products of the proposed process, as shown
in Table 3, a summary of the sale revenues expectled (or the
three options is presented in Table 8.

4. Economic assessment

Economic assessment 1s a standard but
procedure to determine Lhe economic [easibility of a
project’s profitability in terms of a number of economic
measures, such as the net cash flow (NCF). discounted cash
flow rate of return (DCFRR), net present value (NPV),
internal rate of return (IRR), break-even point (BEP), and
payback period (PBP). among others. Additional assump-
tions are made to assess the economics of commercializing
this catalyst rejuvenation process as follows:

neceassary

o The local refinery will buy back all the rejuvenated
catalyst at market price.
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Table ¥
Comparison of the expected first year sales revenues for the three options
Million US $ Low-grade fuel oil  Catalyst fines Leached metals De-oil spent Rejuvenated Total
catalyst catalyst
Option 1 0.0439 0.0519 (4144 0,0000 16,3200 16.8322
Option (L0439 0.0519 0.0782 0.1897 9.1000 9.4657
Option 11 0.0459 0.0519 0.0000 0.2755 56250 3.9983
= + i ". 74 Hi
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Fig. 9. NCF of the six basic scenarios at 0% DCFRR,

@ The final product meets the local refinery’s specifications
and international standards (Oxenham Technology
Associates. Inc., 1985).

® The technology will be exploited by the refinery group
or a company independent from the refinery.

e Payment ol the initial investment starts during the
construction period.

o The minimum attractive [RR is 15% to implement the
rejuvenation project.

4.1. Net cash flow (NCF)

NCF is lundamentally a measure of a company’s
financial health. [t i5 defined as a4 measure of cash receipts
less cash payments over a given period of time; or
equivalently. net profit less amounts for depreciation,
depletion, and amortization. There are six base-case
scenarios, which cover three process-configuration options
and two operator modes. i.e., each option operated by
gither a refinery or independently. Fig. 9 presents the NCF
for each option. either in a refinery (solid lines) or
independently (dotted lines). The greater the arca above
the baseline at NCF = (. the more profitable is the process.
The highest NCF appears for Option 11 operated in a
refinery (solid line with triangle symbols). This is followed
by Option 111 operated in a refinery (solid line with
diamond symbals). The second option operated indepen-

dently (dotted line with triangle symbols) has the third
highest NCF, and it 18 better than the first option operated
m a refinery (solid line with square symbols), Option 111
operated independently (dotted line with diamond sym-
bols) has the lowest positive NCF, However. the first
option operated independently (dotted line with square
symbols) has a negative NCF throughout the 15-yr project
life and is the least profitable,

4.2. Discounted cash flow rate of return ( DCFRR)

The DCF is a mechanical valuation method used to
estimate the attractiveness ol an investment gpporiunity,
DCF analysis uses [ulure free cash flow projections and
discounts them to arrive at a present value, which is used to
evaluate the potential for investment. If the DCF value
obtained is higher than the current cost ol the investment,
the opportunity may be a good one. Te project the cash
flows by DCFRR analysis in the current study, a terminal
value approach of a maximum of 15yr is used becausc it
will be harder to make realistic estimate of cash flows as
time goes on.,

Fig. 10 shows the accumulative NCF at 0% DCERR for
the six baseline scenarios for the three options (1. L. and
IT1) and their respective operating modes (in a refinery or
independently). Option [ operated in a refinery has the
lowest negative cash flow among the scenarios when the
project starts, and it becomes worse as time goes on. In
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Fig. 10, Aceumulative NCF of the six basic scenarios at 0% DCFRR.

Table §
Summaries of NPV, IRR. BEP, and PBP

Economic analysis Option | Option 11 Option I
Refinery operation

NPV Million US § @' 15% DCFRR —(.03 15,12 3.57
IRR Y 340 54.70 16.91
BEP W of Tull capacity 86.15 54.54 54.37
PBp ¥ 9.50 380 540
Independenl operation

NPY Million US'§ @ 15% DCFRR —17.22 —(.02 5.92
[RR " — 14.95 -
BEP Yo of Tull capacity 98.72 72.86 w57
PBP i — 10.50 14.00

contrast, Option 11 operated in a refinery, which has a
slightly deeper negative cash flow than Option IIT operated
in a refinery, shows the best cash (low among the six
baseline scenarios. Option IT operated independently has
higher returns than Option I operated in a refinery after
7yr. Based on the DCFRR analysis, other economic
indicators can be readily performed.

4.2.1. Net present value { NPV)

The NPV depends directly on the (ractional interest rate.
such as the DCFRR. Since it has been assumed that the
commercial viability of a project should have a minimum
[3% IRR. a comparison of the NPV of the six baseline
scenarios is referenced at this DCFRR value, as presented
in Table Y. The NPV from Option 11 operated in a refinery
is the highest at US $15.12 million, and it is followed by
Option 111 also operated in a refinery (US $5.57 million).
The others have negative NPVs.

4.2.2 Intevest rale of return (IRR)

The IRR has traditionally been defined as the discount
rate at which the NPV is equal to zero. The strength of the
[RR 18 in comparing project cost streams directly. The IRR

values determined for this study are shown in Table Y [or
the six basic scenarios. Options II and II1 operated in a
refinery are above the [5% acceptable IRR level for
investment. The highest IRR, 54.7%. is obtained [rom
Option I1. This if followed by Option [IT at 16.9%. Option
I operated in a refinery can only achieve 3.4% IRR. When
the project is undertaken independently, Option 11 has
[4.95% IRR, and Option 11T has only a 1.42% [RR, which
is well below the acceptable level. Option 1 aperated
independently has a negative IRR.

4.2.3. Break-even point ( BEP)

The BEP is defined as the production capacity required
for each baseline scenario. in which total costs excluding
depreciation equal total sales realization at full capacily
production. Table 9 also presents the values for all base
cases. which show that all options can breakeven. bul al
different capacities. Option IT operated in a refinery has the
lowest BEP at 34.34% of the full capacity. The highest
BEP, 98.72%, is from Option 1 operated independently,

A lower BEP value is more profitable. [t indicates that
the spent catalyst rejuvenation process is not required (o
operate at full capacity all of the time. This reduces the
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energy consumption requirement of the operating costs. as
well as associated air emissions.

4.2 4. Payback period { PBP)

The BEP is an indicator that shows the expected
financial return from an investment over a given period
of time. Thus. the shorter the period. the more attractive is
the project.

The period required to pay back the investment for
Option IT operated in a refinery is only 3.8 yr, but it is
10.5yr il operated independently. The PBP for Options [
and [l operated in a refinery are 9.5 and 5.4yr.
respectively. However, Options I and 11T operated inde-
pendently will never breakeven.

5. Summary and conclusions

Ever since spent catalysts were first classified as
hazardous refinery waste, the disposal of the substantial
amount generaled yearly has become a major concern in
industrial waste management, in terms of the environment.
health. and safety. The ideal solution is to have a means.
which should be based on the principles of a waste
recyeling to reactivate and reuse the waste. which can
minimize the risk of non-compliance by the waste
originators. and maintain the profitability of refining
operations.

In this study. a rejuvenation process for spent catalyst
capable of removing most of the hazardous contaminants.
such as heavy metals, carbonaceous materials and residue
oils is proposed. Three options are possible. depending on
the amounts and types of spent catalyst to be rejuvenated.
Laboratory testing on the rejuvenated catalyst show that
their activity level can match the performance of fresh
catalyst at a lower price. Careful consideration has been
paid to minimizing the generation of further waste
products and air emissions through the proposed rejuvena-
tion process. and further improvement can be realized
when 4 state-of-the-art control system is incorporated into
the detailed engincering design for emissions control and
waste minimization. Furthermore. the environment-or-
iented process design should be more acceptable to an
environmental impact assessment (EIA). which is manda-
tory before granting an approval to build a new spent
catalyst rejuvenation plant.

All the economic indictors in the economic assessment of
the proposed spent catalyst rejuvenation process point to
Option 11 aperated in 4 refinery as the best scenario. It can
achieve an IRR of 54.7%. reach the PBP in 3.80yr. and
reach the BEP at 54.54% of the full capacity. Thus, the
refiners need not 1o pay for a third party to dispose ol spent
catalyst and risk potential environmental non-compliance
in the luture. Instead. the refinery will receive handsome
profits from investing in the spent catalyst rejuvenation
process,

Option Il of the rejuvenation process is designed to
process the quantities and types of spent hydroprocessing

catalysts generated in the refinery. However, heavily fouled
spent catalyst will not be rejuvenated, Instead, the de-oiled
heavily fouled spent catalyst can be sold for metals
recovery. All of the medium and lightly louled catalysts
will be rejuvenated. Hence, this is an attractive approach to
solving the problem of disposing the spent hvdroproceszing
catalysts continuously generated in the refinery, The
refiners” objectives of reducing the amount of hazardous
wastes generated and producing a cleaner environment
without compromising profitability are clearly possible.

When the carbon tax becomes mandatory in Kuwait. it
will easily be absorbed in the overall refinery operating
costs. but this will not be the case for independent
operators.
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Abstract

A systematic approach to optimizing water network has traditionally been utilized to exam and plan water conservation m industrial
processes. In the present case study. water-pineh technology was used to analyze and optimize the water network of a steel plant near
China’s Zhangjiakou city, A system design was developed and o limiting constraint (C1 concentration) wus identified bused on
myestigations of water quality then the minimum freshwater and wastewaler targets were determined withoul considering water losses.
The analysis was then extended by calewlating the additional input ol [reshwater required 1o balunce the actual wiler losses, A nearcst-
neighbor algorithm (NNA) was vsed 1o distribute the freshwater and recveled water among cach of the plant’s operations. The resulls
showed that with some reconstruction of’ the waler network, the How rates of freshwater and wastewater could be decreased by 37.5%

and REY%. respectively.
{2007 Elsevier Lid, All rights reserved.,
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1. Introduction

Water is a vital component ol many industrial opera-
ttons. and is utilized for a wide range ol purposes in
industrial processes. With an increusing requirement [or
waler as a result of a reduction in the availuble water
resources; it is becoming increasimgly necessury Lo imple-
ment wifer conservittion measures in industrial processes
50 s 1o guarantee sustainable mdusirial development. In

recent vears. there has been considerable development ol

systematic methods to minimize the use of lreshwater and
the production of wastewater by industry in response 1o
increasingly stringen! environmental regulations. economic

driving Jorees and public concern over the guahty ol

the environment (Goldblatt et al.. 1993: Fallale. 2002).
The process integration approach is one method that is

“Corresponding author, Tel: — B 278712823 fax: — 8627687784093
Fanptd! anlelresse shouppo whuedwen (P Zhou).

O30 -4797 %= see Tronl matter o« 2007 Elsevier Lid, All riphis reserved.
doi= L0016 jenvman. 200612014

often used Lo 1mplement water recyeling: in this approach,
a flow ol reeveled water is used in an operation thai
produces a high level of contammant (Wenzel ¢l al.,
2002).

Two main groups of methods are used for the systematic
design of wuter-recovery networks: rigorous graphical
targeting approaches (Wang and Smith. 1994; Fl-Halwagi.
1997: Prakash and Shenoy. 20035; Aly el al., 2003) and
mathematical-based optimization techniques (Keekler and
Allen. 1899). A systematic approach to designing optimal
water recycling in an industrial plant comprises 1wo
main tasks (Dunn and Wenzel. 2001). The first task 18 to
define the maximum amount of recyeling that is possible,
and the second task s to design alternative recveling
networks thut will allow the operations 1o meet the water
recycling target. Wang and Smith (1995) studied operations
with o fixed Qow rale and suggested the use of local
reeyeling and the splitting of waler-using operations to
meet the flow rale constraints. El-Halwag el al. (2003)
presented a rigoreus graphical targeting approach that
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minimized the use of fresh resources by means of
scgregation, mixing, and direct recycling and reuse
strategies. Dhole et al. (1996) also proposed a targeting
methodology for networks involving operations with a
fixed flow rate. Polley and Polley (2000) improved the work
by Dhole et al. (1996) and demonstrated that to minimize
consumption ol freshwater, it is necessary that the outlet
streams leave at their maximum allowable concentration.
Prakash and Shenoy (2005) used the nearest-neighbor
principle to design minimum freshwater networks for
fixed contaminant load problems and fixed flow rate
problems. Manan et al. (2004) estimated the minimum
water targel using the water cascade analysis (WCA)
technique, which is a numerical alternative to the graphical
water targeting technique and can quickly yield an accurate
estimate of the minimum water target, the pinch-point
locations, and the water allocation target for maximum
wiler recovery.

Takama ct al. (1980) used mathematical programming to
solve a refinery example problem. Similarly, a multi-level
problem formulation and an interactive algorithm were
presented for multi-objective optimization of large-scale
systems associated with the hierarchical structure of
decision-making (Takama and Loucks, 1981). Alva-Argiez
et al. (1998) presented a solution approach for multi-
component systems based on mathematical programming.
In addition. Alva-Argaez et al. (1999) used certain
simplifying assumptions to propose a transshipment
model. Savelski and Bagajewicz (2000a, b) have shown
that the outlet concentrations must equal their maximum
allowable values in an optimal water network. They

freshwater and what processes must receive each volume
of wastewaler by introducing the concept of mono-
tonicity in the process-lo-process connections. In addition,
Gomez et al. (2001) provided an algorithmic procedure to
address this matter. Bagajewicz and Savelski (2001)
proposed a linear programming formulation of the
problem based on the necessary condilions of optimality.
Jacob et al. (2002) analyzed the water network of
a pulp and paper processes using linear programming.
A pen-iterative algorithmic procedure was used to
desien water utilization networks in refineries and
process plants (Savelski and Bagajewicz. 2001). Yang
et al. (2000) proposed a mathematical optimization
approach to design a wastewater reuse network for a
cleaning and rinsing operation of an electroplating process,
a papermaking process. and a semiconductor manulactur-
ing process.

The process integration method has been broadly used in
many countries. A company in Britain applied the
analytical method in a sewage treatment plant and reduced
freshwater consumption by 30%, decreased the investment
from US$IS to USS35 million. and decreased the
operating expenses and raw material costs by US$1 million
(Mann and Liu. 1999). Wenzel et al. (2002) used the
process integration method to design a new water network

in'a Danish factory that dyes polyester yarn by focusing on
water savings and wastewater reduction, Thevendiraraj
et al. (2003) improved the water network of a ecitrus plant
to minimize water consumplion and wastewaler gencration
using this method. showing a reduction in freshwater
consumption and wastewater gencration of up to 30%.
Sun et al. (2003) applied the method to hard chromium
plating in China, and reduced freshwaler consumption
by 30%.

In the steel industry of developed countries. an average
of 4.0m” of freshwater has been required to produce |1 of
steel and the recycling rate averaged 97% (Qi and Li,
2003). In China, 15m" is generally required Lo produce 1t
of steel (Zheng and Shan, 2005). In addition, there is wide
variation between steel plants in their water-use efficiency.
As a result, considerable potential for water conservation
exists in steel plants in China, and this conservation could
be achicved by reusing wastewater. This paper presents a
case study of the steel plant located near China's
Zhangjiakou city. The plant not only squanders valuable
water resources but also pollutes the local environment.
This inefficiency is caused by the plant’s obsolete water
network.

In this paper. we used a process integration app-
roach to define a water conservation target for the steel
plant. The aims of our study were to minimize the
consumption of freshwater and the production ol waste-
water and to design optimal targets for water use so that
the plant’s outdated water network could be updated
while accounting [or current economic and technological
restrictions.

2. Investigation of the water network

The main operations al the steel plant include several
processes: ore dressing, power plant, hot air furnace, blast
furnace. rinsing residue, and shower. Based on the
production requirement ol each process. the water flows
and water quality parameters were provided by the
managing engineer responsible for the steel mill and the
results are shown in Table 1.

In total. the plant used $370td~" of freshwater and
discharged 5910td ' of wastewater. Rinsing residue
consumed 1300td " of water, During this stage. 6001d "'
of water was lost and the remaining 900 td ' of wastewater
was recycled, so a total of 600td " of freshwater was
required to replace the lost water. The other operations all
lost water at rates that can be caleulated from the data in
Table | by subtracting the outlet value from the inlet value
and the wastewater that is discharged without reuse. The
water quality does not need to be considered in ore dressing
and rinsing residue operations because water quality
parameters do not affect the efficiency ol these operations.
However, water quality is important in all other phases
because of the technology limitations. Shower is used for
3h each day. whereas the remaining operations all run day
and night.
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Tuble |
Process data for the steel plant's waler system

Operation Inlet and Flow rate Suspended solids Alkalinity Rigidity (CaCOa: nH Clr
outlet (rd™ " 1m-gL"J (CaOy rngL_l,) mg]__li :’_mgl.'!)
Ore dressing Inlet 2400 0.02 91.39 20 0./ 20
Outlet 2100 2.86 6667 24 62 1
Rinsing residue Inlet 1300 0,08 42.74 98 7.5 13
Outilet 960 .68 86,13 95 1.0 16
Hot air furnace lulet 1680 0.02 40 20 — a0
Outler 960 0.03 120 72 400
Blast (arnace Inler 1920 (.02 52 20 75
Outlet 1440 0.025 138 87 100
Shower Inlet a0 0.015 ul.39 20 6.7 20
Outlet 90 0.02 138,07 a3 7.0 45
Power plant Inlet L6s0 66 i3 6.3 40
Outlet 1320 - 90 6} 6.3 45
3. Definition of design system and limiting constraint Table 2

Table | shows that the wastewater qualities in the ore
dressing and rinsing residue operations are good. However,
the ore dressing operation is far from the other operations
and the wastewater it produces was considered to be
reeyeled during this operation. As a result. ore dressing
was excluded [rom the design of water network to avoid
the need to construct long-distance pipelines. The rinsing
residue operation was also excluded from the water
network becawse the existing water recycling did not
require any investment in reconstruction. Because of the
smaller quantity of [reshwater (about 1% of the total) and
its high alkalinity in the shower operation. this operation
was also omitted from the water network. However,
relatively large quantities of freshwater were required by
the power plant, hot air furnace and blast lurnace, and
waler quality in these phases was constrained by the
technology limitations. so the three operations were
regarded as key components of the water network design.

As can be seen in Table 1, the concentration of CI™
changes greatly between the input and output phases of
these operations. except for the power plant phase.
Furthermore. the concentration of Cl” is more difficult
to remove {rom wastewater than is the case for remediation
of the other parameters. On this basis, the parameter of
CI™ concentration was chosen as the limiting constraint in
the water network. The allowable inlet and outlet
concentrations of CI™ in Table | were used as the limiting
concentrations, represented by (i'::} and r:Ef‘r:", respectively.
Essential data lor the process integration study and the
water-pinch analysis are presented in Table 2. In Table 2.
each operation is divided into two components (Mann
and Liu, 1999): one without water loss. and one with
waler loss. The operations Hol air furnace 1, Blast furnace
I and Power plant | represent processes with no water
loss, and Hot air [urnace 2, Blast furnace 2 and Power
plant 2 represent processes with the water losses of
720. 480 and 3601d~". respectively. The value for water

Essential process data tor the water network desipn

Operation Inlet Outlet [":;; el
flow rate flow rile (crt, (G
(td " (td™") mgL ) mgLY
Hot air furnace 1 960 966 a1 400
Hot air furnace 2 720 i Y —
Blast Furnace | 1440 1441 75 100
Blast furnace 2 480 0 735 =
Power plant | 1320 1320 40 45
Power plant 2 360 0 40 -

with no loss in each operation equals the outlet flow rate of
the operation.

4. Minimization of freshwater consumption and wastewater
production

The target for minimum freshwater use (ie.. the
apparent minimum [reshwater; Mann and Liu, 1999)
without considering water loss was calculated first. The
limiting flow rate F; (td ™) is determined by

Fi = 1000An;00/(c7 — ¢f), (1)

where ¢j is the concentration of CI~" in freshwater (which
equaled 20 mg o ¢} 1s concentration of Cl™ in the ith
concentration interval (defined in Table 3) and Am; ., is the
total mass load of CI™ (kgd " in the ith concentration
mterval = Amy + Amiz + - -+ Amy. Ay (the mass load of
Cl in the ith concentration interval) is determined by

A= 37 el — ey 1000, o

where 3 /; is the total flow rate of operations for the ith
concentration interval, ¢! and ¢/ represent the values in
Table 2. The results of these calculations appear in Table 3.
Arrows represent the range of observed C1™ concentrations

within a process (Table 1).
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Table 3
Caleulation of the miting flow rate without considermg water foss

Coneentralion Coneentration Haot sarfurpace Blast furnace Power plant Anir; At o1 Fd™")
interval / (€1, mgl. (va01d ") (14401d=") (1320ed™Y (ked ) (ked™ )
| 20 ] 0
0
2 40 0 i
6.6
3 45 6.6 264
E =)
216
5 el 28.2 402 86
24
b 100 52.2 $32.5
288
7 400 340.2 895.26
In Table 3, the three operations are arranged in network to meet the minimum [reshwater target of

increasing order of contaminant concentration. The max-
imum £ is the apparent minimum amount ol [reshwater
required: with no loss of water from the system. the
apparent minimum freshwater and wastewater both equal
895.26 td™", so the apparent pinch point occurs at the last
concentration interval, at a Cl concentration of
400 mg L' and a mass flow of 3402 kg Cl d'. The pinch
means that reshwater must be used for mass transfers that
lake place [rom the lowest concentration Lo a4 concentra-
tion of 400mgCIl™ L', No freshwater is needed in
operations taking place at concentrations above the pinch
pornt.

Additional freshwater must be added in all three
operations in order to replace the water loss. The
additional flow rate of freshwater required to replace this
l0ss was determined as follows:

—~ i) Cpinen—<§); (3)

where f/ (td ') is the additional flow rate required to
replace the 1oss, flog (td™") is the actual loss of water in the
operation. and ey, 18 the concentration at the appurent
pinch point. The fow rate of water [oss was calculated base
on the principle of conservation of mass (Mann and Liu,
1999) that is, the mass load produced by the additional
(low rate is equal to that produced by the lost water. Based
on Fq. (3), the additional flow rates of freshwater required
by the hot air furnace, blast furnace and power plant were
587.37, 410.53 and 341.05td ™", respectively. The minimum
flow rate of freshwater consists of the apparent minimum
flow rate (895.26) plus the additional fow rates, and thus
-ealuals 2234.21 T.d_l.

/ =f|“55 = (’i'ninch

5. Water network synthesis

A nearcst-neighbor algorithm (NNA: Prakash and
Shenoy, 2005) was applied to optimization of the water

223421td '. The outlet flow rates of these operations
required to Fulfill the inlet (in such a manner that the inlet
concentration is equal to the maximum allowable value)
are determined by simultaneously solving the overall flow
rute balance and the contaminant material balance
equations (Prakash and Shenoy. 2005) given below

Trisp T rmsp =Fsp — Z T Risps (4)

.I‘RJ',SP(.IU: +.f|{m‘5p"3ﬂ<‘ z,f..‘iptlsfl = Z 'f.R;',Sp(:R}\ l‘S]

where Rk (Rm) and Sp are the numbers of oultlets and
inlets. respectively, in order of increasing Cl1™! concentra-
tion; frisp (fransp) and cpp (Cry,) are the flow rates (td ')
and CI™! (mg L™") concentrations, respectively, of Rk (Rm)
flowing into Sp: fg, and ¢, are the flow rate (td™') and
ClI=' (mgL~") concentration of Sp. respectively: i =k + |
to i = m— L. Freshwater is RO, The power plant inlet (S1)
has a CI™' concentration of 40mgL ', and based on R0
and the power plant inlet (R1), the equation can be solved
to obtain the S1 flow rate (1680td~"). However, the
calculated flow rate for RI (1344td ') is more than the
available amount (1320td™"). Thus, water [rom Lhe blast
furnace (R2) must be used. According to Egs. (4) and (5).
R1(1320td™") was used completely and 352.5td " of RO
and 7.5td™" of R2 were needed to satisfy the constraints
for S1. Based on the NNA. the entire demand for the hiast
furnace (S2) was supplied by RO and R2. The hol air
furnace (S3) has a Cl™! concentration of 90 my L™, which
is less than that of R2 and R3. R2 was considered first and
was used completely due o its smaller amount, so R3 was
also needed. After repeating the caleulation in Eqs. (4) and
(5). 1281.71td "ol freshwater, 112.5td ' of R2 and
285.79td™" of R3 could provide S3 = 1680td~'. The
remaining 674.21 td™" of wastewater could be discharged
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into the drainage system. The final network that results
from these calculations is shown in Fig. 1.

In order to maximize water conservation in Lhe steel
plant. the ore dressing and rinsing residue operations
should be reconstructed. For the ore dressing wastewater,
water losses occur during filtration and a 20% loss was
planed (Qi and Li, 2003). Therefore 16801d™" of waste-
waler (2100 x (100%-20%) = 1680) could be provided for
recyeling and another 720td™" of freshwater (2400—1680:
Fig. 2) would be needed in the ore dressing operation.
Rinsing residue  had an inlet concentration of
13mgCl™ L' before reconstruction, but the inlet water
quality of the operation was not a severe constraint. As a

Fresh water

1281.71 1.8 lr

6001.d! ¢

result, 600 td ™" of wastewater from the hot air furnace can
be used in the rinsing residue operation and the remaining
74211d"' discharged into the drainage system. Fig, 2
shows the original and reconstructed pipelines for five of
the operations and the corresponding freshwater flow rates.

6. Discussion

Aflter improving the water network lor three operations
(the hot air furnace, blast [urnace and power plant) based
on the walter-pinch analysis. the total flow rate of
freshwater was reduced from 5280 to 2234.21 td ', which
represents a 57.5% [reshwater savings. The flow rate of
wastewater was reduced from 3720 to 674.21(d ',
representing a reduction of 81.9%. If the plant runs 340
days per year. the [reshwater congervation and wastewater
reduction would both equal 1.04 % 10%ta~". Reconstruct-

23421647 | 352.51d" ¥
Wmg 1! i ing the water network for the five operations in Fig, 2
e Power plant Blast furhace Hot air furnace £ % P ) e &
1680 t.d- 1920 ¢! 1680 ,d"! would reduce the total freshwater flow rate by 64.3% and
. 20 1.4 4 g o .
40mg.L"! 75 mgL! 90 me.L reduce wastewater discharge by 92.6%. The conscrvation
7Y h 7 ol freshwater and reduction of wastewater would then be
1320 10" equal to 1.81 x 10° and 2.17 x 10°ta ", respectively. Based
3 : on local water price, more than US§0.5million would be
ant : & S
e saved every year versus an investment of US$0.15 million
45mp.L! to pay for the construction, The estimated cost of
freshwater saving is enough to pay for the cost of
reconstruction and operation in less than 1 year. When
BlastRisaoh | oot a— P }he process integration applf}ach is u.sed'lo design or
1440 1! e 2EH e improve the waler network in an industrial process. a
100 mg.L™! detailed survey of the streams that supply water to the
plant must be carried out and the limiting constraint must
be defined.
Hat air turnace 285,79 1.d"!
960 1.4 >
. ] = 7. Conclusion
A00mg.L 67421 d
Fig. 1. The minimum [reshwater network lor the steel plant determined The process integration approach described in this paper
using the NNA. provided a powerful tool for planning water conservation
I
it 4 Power plantb===============c—o-—---- »
2400 147 72014 ower plan 1680 La! 352514
W : i\
dit
] Ore dressing oy ‘;’\;’
E I Power plant
| 600 1! Pumping station
N » Blast fumace
; o L'l_'l:?' Pumping station
v Haot air furnace
l, s
Giangue | Filtrate I ump:fb“mu
dam pool i
¥ 128171 Ldlt § 1640 td!
I

—==-» Original pipeline

—> Reconstructive pipeline === >

Draimnage system

=eemi o Original fresh water

Reconstructive fresh water

Fig. 2. Drainage flow sheet for the major operations in the steel plant.
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in the steel plant described in this case study. After
improving three operations (the hot air [urnace, blast
furnace and power plant) using the water-pinch approach,
the total flow rates of freshwater and wastewater were
reduced by 57.5% and 81.9%. respectively. Alter recon-
struction of the water network for the five main operations,
the total freshwater flow rate could be reduced by 64.3%
and the wastewater flow rate could be reduced by 92.6%
resulting in savings of more than US$0.5 million every
vear. Grealer economic und environmental efficiency can
both be achieved by means of the proposed improvements
in the waler network.

The efficiency of the improved network is obvious when
the flow rate is large and the limiting constraints are
relatively few, The actual water network that results from
the analysis in this study should be adjusted to account lor
the tradeoflf between capital and operating costs as well as
the complexity and operability of the resulling processes.
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Abstract

This study presents the resulls of a paper of urban spatial structure and exceedances of the 8-h national ambient air quality standard
for ozone in 45 large US metropolitan regions. Through the integration of a published index of sprawl with metropolitan level data on
annual ozone excecdances, precursor emissions. and regional climate over a 13-year period, the association between the extent of urban
decentralization and the average number of ozone exceedances per vear, while controlling for precursor emissions and temperature, is
measured. The results of this analysis support the hypothesis that large metropolitan regions ranking highly on a quantitative index of
sprawl experience a greater number of ozone exceedances than more spatially compact metropolitan regions. Importantly. this
relationship was found to hold when controlling for population size. average ozone season temperatures, and regional emissions of
nitrogen oxides and volatile organic compounds. suggesting that urban spatial structure may have effects on ozone formation that are

independent of its effects on precursor emissions (fom transportation. industry. and power generation facilities,

2007 Elsevier Ltd. All rights reserved.
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1. Introduction

[dentified in the popular media as the source of
numerous social, environmental, and economic ills. the
phenomenon of urban sprawl is increasingly the subject of
more rigorous inquiry in the peer-reviewed literatures on
economics. urban planning. and public health. Generally
defined as decentralized land use pallerns characterized by
low population densities and auto-oriented design schemes,
urban sprawl has been demonstrated to greatly elevate the
cost of urban services by increasing the distance between
new development and the established infrastructure of
roads, sewer lines, and transit systems (Burchell et al.,
2002: Real Estate Research Corporation. 1974). Additional
work has associated sprawling urban development patierns
with increased vehicle travel and congestion (Ewing et al.,
2003; Downs, 1992), increased volumes of stormwater
runoff (Stone and Bullen, 2006). loss of prime agricultural
lands (Heimlich and Anderson, 2001). and, perhaps most

TTel: + 14048946488,

E-mail address: stonew gatech.edu.

0301-4797/8 - see ront matter ) 2007 Elsevier Ltd. All rights reserved.
doit 101016/ jenvman. 2006, 12.034

provocatively, increased rales ol obesity in children and
adult populations (Frumkin et al., 2004).

In this study. I explore the implications of urban form
for air quality within the largest metropolitan regions of
the United States. Through the integration of data on land
use attributes and air quality trends recorded in 45 of the
50 largest US metropolitan regions, a quantitative index of
urban sprawl is associated with the emissions of ozone
precursors and the annual number ol high ozone days In
each region between 1990 and 2002, While a handful of
studies has demonstrated an association between various
attributes ol urban development and vehicle emissions in
individual cities (Frank et al.. 2000; Johnston et al., 2000},
this work is the first to assess the implications of sprawl for
an ambient measure of regional air quality in multiple cities
while controlling for population, precursor emissions, and
meteorological attributes significant to ozone {ormation,

Specifically. this study addresses two principal research
questions, First, are metropolitan regions characterized by
high levels of spraw! associated with a greater quantity of
ozone precursor emissions from vehicles and industry than
more compact regions? And. second. do melropolitan
regions characterized by high levels of sprawl experience a
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greater number of annual ozone exceedances than more
compact regions? The significance of these questions lies in
their potential to inform land-use strategies to combat air
pollution mn large cities.

The results of this study indicate that for the 45 US
metropolitan regions surveyed urban form is significantly
associated with both ozone precursor emissions and ozone
exceedances during a 13-year study period. Significantly, a
positive association between sprawl and ozone exceedances
was found to hold true when controlling for average ozone
season (May through September) temperatures and annual
emissions of chemical precursors o ozone formation,
suggesting that the well-established linkage between
decentralized development patterns and auto use may be
only one of multiple mechanisms through which sprawl
influences air quality. Overall. the most sprawling cities
were found to experience over 60% more high ozone days
than the most compact cities.

2. Background

The literature on land use and air quality has explored
two principal mechanisms through which the physical
dimensions of urban form can influence regional air
quality. The frst and most widely investigated set of
interactions concerns the linkages between land use, vehicle
travel, and vehicle tailpipe emissions, The second set of
interactions. posited in a small but growing number of
studies, concerns the linkages between land use. local
meteorology. and regional air quality. A brief overview of
these two areas of research is provided in the following
paragraphs to establish a basis for understanding the
potential significance of urban sprawl to ozone formation.

2.1 Urban form, vehicle travel, and emissions

A significant relationship between land use and vehicle
widely documented (Transportation
Research Board. 1995: Apogee, 1998). Perhaps the most
compelling evidence of this relationship is provided by the
handful of studies that has examined readily available
measures of land use and travel within a large number of
cities. In one of the most widely cited of these studies,
Newman and Kenworthy (1989) documented a strong and
significant negative relationship between population den-
sity and per capita fuel usage within 63 large metropolitan
regions around the world (R*> = 0.86)." Similar significant
relationships have been found to exist between population
density and vehicle ownership. vehicle trip generation. and
vehicle miles traveled (VMT) in American cities and
abroad (Pucher and Lefevre. 1996).

travel has been

i should be noted that the Newman and Kenworthy study has been
challenged on methodological grounds pertaining to the authors’ failure to
control for demographic influences and the use of inherently refated
compound variables. For a more thorough discussion of these issues, see

Brindle (1994) and Gordon and Richardson (1989).

In addition to these widely cited multi-city studies,
projects employing travel simulation models or travel
survey data from a single metropolitan region have also
lended to illustrate a weak to moderate but statistically
significant relationship between urban form and travel
behavior. Of 18 studies of this nature reviewed by the
author. 15 documented a statistically significant relation-
ship between the density of development. land use mix.
and/or the configuration of the street network (i.e., street
connectivity) and some measures ol vehicle travel (e.g..
Frank and Pivo, 1994: Cervero and Gorham. 1995). For
example. in a study of land use and vehicle travel in
Sacramento. California, Johnston ct al. (2000) found the
combined impacts of transit improvements and land use
strategies to reduce VMT between 4% and 7% over 20
years. In one of the most widely cited studies of this nature.
the Land Use, Transportation, and Air Quality (LU-
TRAQ) analysis conducted in Portland. Oregon. a
compact development scenario emphasizing (ransit-or-
iented development. pedestrian infrastructure improve-
ments, and transportation demand management policies
was found to reduce daily VMT by 8% relative to the
business s usual scenario of highway expansion (Cam-
bridge Systematics. Inc. and Parsons Brinkerhoff Quade
and Douglas, Inc., 1992).

While the relationship between land use and vehicle
travel generally has been assumed to hold implications for
tailpipe emissions and air quality, only a handful of studies
has sought to statistically link urban form to vehicle
emissions directly. In addition to establishing an associa-
tion between transit-oriented development and daily VMT.
the LUTRAQ study cited above also found the emissions
of nitrogen oxides (NO,) and carbon monoxide (CO) to be
reduced by 6% and 3%. respectively. in response to various
urban development scenarios (Cambridge Systemalics, Inc,
and Parsons Brinkerhoff Quade and Douglas. [nc.. 1992).
Through the integration ol houschold travel survey data
obtained in Seattle. Washington with a mobile source
emissions model. Frank et al. (2000) found statistically
significant relationships between household density. em-
ployment density, street connectivity, and tailpipe emis-
sions. Specifically, vehicle emissions of CO. NO.. and
volatile organic compounds (VOC) were found to exhibit a
significant negative relationship with household and
employment density when controlling for household size.
income, and vehicle ownership. While limited in number,
these studies provide support for the hypothesis that lower
density patterns of developmenl are associated with a
greater magnitude of vehicle emissions. with potential
implications for regional air quality.

2.2, Urban form and regional climaie

In addition to vehicle travel and emissions, the spatial
structure of metropolitan regions has been associated with
meteorological phenomena that are important to regional
air quality. The most widely recognized meteorological
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effects of urbanization result from the urban “heat island
elfoct™ (Oke, 1987). Defined as a differential in the air
temperatures of urban centers relative to adjacent rural
areas, the urban heat island effect is driven by the
displacement of natural vegetation by the impervious
surfaces of roads and buildings, as well as by the emission
of vast quantities ol waste heal [rom buildings. industry,

and automobiles. In combination, these properties of

urbanization can serve to raise by several degrees the
average air temperature ol large cities. Because regiona-
lized air pollutants such as ozone and fine particulate
maller are sensitive to temperature. the resulting urban
heat island holds important implications for both climate
and air quality.

Numerous authors have illustrated a relationship be-
tween the ntensity of urban heat islands and weather
events downwind of large cities. Diem and Mote (2005)
found heavy rainlall events to increase by more than 40%
in one location in suburban Atlanta over a 50-year period
and associated this phenomenon with the region’s rapid
pace of development and growing heat island. Likewise,
Shepherd et al. (2002) found an approximate 20% increase
in rainfall events downwind of the metropolitan Atlanta
region relative to an upwind control region during the
period of 1998-2000. Other studies have shown similar
urban rainfall anomalies in New York, New York
(Bornstein and LeRoy. 1990) und St. Louis. Missouri
(Rozoff et al.. 2003).

Of perhaps greater significance to public health in cities
is the potential influence of the urban heat island effect an
ground-level ozone formation. Ozone is a colorless gas that
18 formed in the presence of sunlight through the chemical
interaction of NO, and YOC, two classes ol pollutants
produced from the combustion of fossil (uels. Ambient
heat influences ground-level ozone formation through its
effects on the rate of emission of ozone precursors {rom
both human and natural sources. Urban heat islands can
intensify ozone formation through at least two mechan-
tsms. First, enhanced temperatures during the warm season
clevate the need [or air conditioning. increasing the
emission of ozone precursors from regional power plants
(Rosenleld et al.. 1998). Second. Lhe rate of evaporative
VOC emissions from vehicle engines. as well as natural
forms of VOCs emitted by some species of trees. increase in
responsc Lo rising ambient temperatures (Cardelino and
Chameides. 1990). Thus, heat island formation can
exacerbate regional air quality problems by increasing the
rate at which ozone precursors are emitted from both
human and natural sources.

The influence of urban temperatures on regional ozone
formation is well documented (Rao et al.. 1995, 1992: Kelly
ct al., 1986). In a study of temperature trends and ozone
formation in large US cities. Stone (2003) found a strong
positive correlation beween mean temperature and the
average number of high ozone days per year (r= (.86;
p<1.000). More directly focused on the role of land use in
ozone [ormation, Rosenfeld et al. (1998) developed a

model to assess the impact of various heat island manage-
ment strategies on ozone formation in the Los Angeles,
California metropolitan region. The cooling benefits of a
region-wide program designed to increase the surface
reflectivity of development and the extent of tree canopy
cover were found to reduce the number of annual ozone
exceedances by about 12% (Rosenfeld et al.. 1908),

In light of the established potential for urban spatial
structure to influence ozone formation through two distinet
mechanisms—the quantity of precursor emissions from
vehicle travel and the meteorological elfTects of urban heat
island formation—land use planning strategies designed to
reduce vehicle travel and mitigate heat i1sland formation
may prove successful in improving air quality, Little work.
however. has sought to establish a relationship between
urban form and air quality measured at the metropolitan
scale. and land use is only rarely employed as a control
measure in state air quality plans. To assess the potential
significance ol land use to metropolitan air quality. this
paper presents a methodology to measure the influence of
urban form on annual ozone exceedances, reports the
results of my analysis, and concludes with a discussion of
the elements of urban form found to be most closely
associated with air quality.

3. Measuring urban sprawl

While sprawling, decentralized land use patterns have
long been associated with a number ol social and
environmental problems, it is only in recent years that
researchers have attempted to quantify sprawl in a mean-
mgful way. Most of these efforts have focused only on
gross measures of population density or the proportion of
the urban population living a4 minimum radius from the
central business district. For example. in secking to gauge
the influence of sprawl on alfordable housing and the
distribution of urban pepulation by race, Kahn (2001)
quantified sprawl through measuring the proportion of
employment situated more than 10 miles from the down-
town district of large US cities. In a study of sprawl, land
use values, and metropolitan governance, Pendall (1999)
operationalized sprawl as the change in a city’s population
density over time. As arsued by Ewing et al. (2003).
however. sprawl is a complex phenomenon that can only bg
effectively measured through quantifying several dimen-
sions of urban form. In light of this observation, Ewing et
al. developed a composite index ol sprawl based on four
measures of urban form: centeredness. connectivity,
density, and land use mix. As this index has been found
to be a useful metric for measuring sprawl and a strong
predictor of travel behavior. this present study employs the
Ewing et al. data for 45 major US cities to assess the
influence of sprawl on annual ozone exceedances.

The literature on sprawl has identified numerous spatial
symptoms of the phenomenon. Four spatial dimensions
commonly associated with sprawl include low density
development. segregation of distinet land use types. growth
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in the absenece of definable centers, and a lack of physical
conneclivity between new ureas of growth (Burchell et al..
2005). Unable to capture cach of these spatial dimensions
within a single indicator of urban form. Ewing et al. (2003)
employed data (rom the US Census Bureau, the American
Houging Survey. and US Department of Agriculture,
among other sources, to develop an integrated measure
of urban sprawl through principal components analysis.
Each of the four dimensions measured and the methods
employed to do so are briefly outlined in Table 1.
Through the methods outlined in Table 1. a composite
sprawl score was derived by Ewing et al. (2003) for 83
major US metropolitan regions and was found to exhibit
statistically significant relationship with four measures ol
vehicle travel behavior. These measures included person
hours of travel, person miles of travel, hours of delay. and
number of annual vehicle fatalities. In addition, it should
be noted that the sprawl index was also tound to exhibil a
significant positive relationship with a measure of metro-
politan air quality, the fourth highest maximum 8-h ozone
level measured in 2000. While supportive of the hypothesis
explored herein—that decentralized development is con-
ducive o ozone formation—the Ewing et al. analysis of
urban form and air quality is deficient on a number of
grounds. A brief discussion of these limitations follows Lo
clearly differentiate this present study from previous work.
As discussed above, due to the fact that ozone formation
is highly sensitive to meteorological variables, there is a
critical need to control for regional climate when compar-
ing ozone levels recorded in dilferent regions of the
country, Because a disproportionate number of cities
ranking highly in terms of the Ewing et al. (2003) index

are situated in southern latitudes ol the country, the
association found between the sprawl rankings and ozone
levels may be a product of local meteorology. which was
not incorporated into the analysis. On a similar note, the
sensitivity ol ozone to annual fuctuations in meteorology
requires that any analysis of air quality trends focus on
more than a single year of observations to avoid analysis of
an anomalous year in the metcorological record, That is,
ozone must be measured as a trend rather than as an
occurrence. And, finally, the fourth highest 8-h ozone level
does not capture the frequency of high ozone days during
the course of a year, which is of more relevance Lo overall
air quality than the magnitude of a single event.

In light of these observations, there remains a need to
investigate further the relationship between urban land use
patterns and regional air quality in large US cities. To do
50, this study integrates data on annual ozone exceedances,
precursor emissions, regional climate, and regional popula-
tion size with the urban form measures developed by Ewing
et al. (2003) for 43 of the 30 most populous metropolitan
regions in the US. What follows is a discussion of a
methodology (o isolate the influence of urban sprawl on
ozone formation while controlling lor theoretically im-
portant meteorological and population factors and the
presentation of study results and conclusions,

4. Research approach

To investigate the hypothesized influence ol regional
development patterns on annual ozone formation, data
were obtained from several sources. The sprawl index and
constituent land use data published by Ewing et al. (2002,

Table |

Development of o sprawl] index (Ewing et al.. 2003)

Yuriabie" Derivation

Cénteredness Tlie centeredness variable is & measure of the degree of mono or polycentrism withim a metropolitan region and is bascd on three
indicators: a density gradient, the percentage of the metrapolitan population within a fived radius of the central business distriet. and
the number of population centers as defined by proximity of census tracts to remonal density maxima. The composite measure is
derived through principal components analysis with data obtained from the 2000 Census und the Claritas Corporation

Connectivity Tlie connectivity variable is a measure of the density of the street network and was bused on the average bloek size and the percentuge
of blocks less than approximately 00 {1 on a side (consistent with the dimension of a traditional urban block). As block size increases.
the number of street intersections per unit of area deercases, which serves as an indicator of streel network density. This measure wis
computed through principal components analysis with duta obtained from US Census TIGER files

Density A composite measure of population density was computed from four dita sources, including the 2000 Census, the USDA Nuturul

Resource Tnventory, the American Housing Survey, and the Claritas Corporation. A single density factor was derived Lthrough
principal components analysis incorporating measures of gross population densily. the proportion of metropolitan populations living
at very low or very high densities, and the proximity of census tricts W urban centers

Three elements of land use mix were mtegrated into a single, composite measure through principal componenis analysis. These
clements include the tatio of jobs to population. the diversity of land uses, and the accessibility of residential uses to non-residential
uses af the level of the transportation analysis zone and within 4 one mile radivs. The data used 1o develop the mix fuctor were obtained
[rom the American Houschold Survey and the Census Transportation Planning Package

A composite measure of urbun compactness or sprawl was developed through an integration of these four urban form factors through
prineipal components analysis

Land use mis

Sprawl index

“Each urban form atiribute is reported on u seale witl a mean value of 100 and a standard deviation of 25 (across the 83 regions included in the Ewing et
Al study (2003)). Higher values of the scores [or cenleredness, connectivity, density, and land use mix reflect higher intensities of these attributes. Note that
the Ewing et al. sprawl index seales in o negative direction (i.e.. higher seores denote lower levels of sprawl) and has been modified in this study Lo scale ina
positive direction (i.e., higher scores denote higher levels of sprawl) for ease of interpretation.
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Fig. [. Metropolitan statistical areas (only primary cities are lisied).

2003) were used as the basis for quantifying urban spatial
structure within major US metropolitan areas. As the
published data includes statistics for 45 of the largest 50
metropolitan statistical areas (MSAs) by population, these
regions, presented in Fig. 1. serve as the study areas for this
analysis.

In addition to measures of urban spatial structure, data
are needed on regional ozone precursor emissions and
meteorological conditions for each year of the study.
Through the National Emissions Inventory (NEIL), the US
Environmental Protection Agency (EPA) compiles data on
aggregate annual emissions of all nationally regulated air
pollutants at the county level. For this study, data on
annual emissions of NO, and VOC were obtained for all
counties comprising each of the 45 MSAs included in the
study and averaged between 1990 and 2002. which is the
most recent year [or which complete emissions data were
available from the NEL* The tota] average annual tonnage
of NO, and VOC emissions at the MSA level were summed
to create a single measure of regional ozone precursor
emissions.

As noted above, of most relevance to urban public health
is the number of exceedances of the national standard for
ozone rather than the maximum ambient concentration
expericnced during the course ol a year. In its annual 4ir
Trends report on national air quality, the EPA reports the
number of days per year for which the national ambient air
quality standard (NAAQS) for ozone was exceeded
(referred to as an ozone “exceedance™) for the 100 largest

21990) was selected as the initial vear in this study due 10its concurrence
with passage of the most recent amendments 10 the Clean Air Act.

metropolitan regions in the country.’ For this study. the
number of annual ozone exceedances per region was
compiled and averaged over the 13-year period between
1990 and 2002.

Because ozone formation is highly sensitive to regional
meteorology. metropolitan data on annual temperature
trends was obtained from the National Oceanic and
Aeronautical Administration’s National Climatic Data
Center for each year of the study. Used as a control
variable. the average ozone season temperature for each
city between 1990 and 2002 was included in the analysis Lo
account for the effects of temperature on ozone formation
rates in different climatic regions of the country. For the
purposes of this analysis, the ozone season was defined as
the months of May through September.

In addition to climatic variations, differences in popula-
tion size among the sampled regions can be expected to
influence ozone formation through its effects on precursor
emissions. Naturally, as the number of vehicles and housing
units increases, emissions of ozone precursors from tailpipes
and regional powerplants are also expected to increase,
potentially enhancing ozone (ormation. As a result
population size must be controlled in the analysis to
effectively isolate the influence of urban form on air quality,
independent of population. Te account for differences in
urban populations. data on MSA populations was obtained

This study makes use of the most commonly aited standard for szone.
the 8-h NAAQS.

*Mean temperature data for the months of May through Scptembir
were obtained from airport weather stations m each of the 45 MSAs and
averaged over the period of 19902002,
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Table 2

Deseriplive slatistics

Varable Minymum Maximum Meuan Standard deviation
Centeredness 52 145 980 241

Connectivity 37 183 102.8 352

Density T4 243 103.7 27.4

Land usec mix 40 141 96.9 222

Sprawl index 22 153 08.2 4.7

MSA population in 2000 (millions) 1.0 212 33 38

Mean peone seusoll temperature ('C) 16.6 32 22.6 =

Mean annual emissions of NO, and VOC (tons) [10.662 1,733,117 392,823 331,071

Mean annual ozone exceedances (days per year) 0.3 67.1 151 15,6

from the 2000 US Census and incorporated into the
analysis as a control varable,

Table 2 presents descriptive statistics on each of the
variables incorporated into the analysis.’

Once consiructed, the resulting database was analyzed to
test the following hypotheses:

(1) Urbanized regions characterized by high levels of
sprawl are associated with a greater quantity of annual
ozone precursor emissions than urbanized regions
characterized by low levels of sprawl when controlling
for average ozone season temperature and population
size.

(2) Urbanized regions characterized by high levels of
sprawl are associated with a higher number of average
annual ozone exceedances than urbanized regions
characterized by low levels of sprawl when controlling
for average ozone season temperature and population
size.
Urbanized rcgions characterized by high levels of
sprawl are assoctaled with a higher number of average
annual ozone exceedances than urbanized regions
characterized by low levels of sprawl when controlling
for average ozone season temperature and averuge
annual emissions of NO, and VOC.

(3

In testing the first hypothesis, my goal is to confirm the
existence of a statistical association between urban form
and ozone precursor emissions. While & handful of studies
has documented an association—between land use and
precursor emissions within individual cities, this analysis is
the first to consider a link between land use and ozone
precursor emissions across multiple MSAs and over a
multiyear period. Becaunse the emission ol these pollutants
is expected by vary by the size and climate of metropolitan
regions—variables that are assumed to be unrelated to
urban form—population size and average annual tempera-
tures will be included in cach model as control variables.

“Stutistics urc reported for all regions included in Fig. [, with the
exception of San Antonio, Texas, which was found to be an influential
outhier with respect to the number ol annual ozone exceedances during the
study period, and thus was not included in the analysis,

Separate models testing the influence of the sprawl index
and each of the four constituent urban form measures
centeredness. connectivity, density, and land use mix—on
emissions are specified to test the combined and indepen-
dent effects of specific urban form attributes on regional air
quality.

The second hypothesis addresses the direct association
between urban form and ozone exceedances. Because
ozone formation is sensitive to both precursor cmissions
and regional meteorology. a finding of a significant
association between urban form and precursor emissions
is not sufficient to conclude that land use has a significant
influence on ozone exceedances. Population size and mean
temperatures are controlled in these models to account for
regional variations in travel and energy demand and in
chimate. In the interest of testing the hypothesis that urban
form influences ozone exceedances through both emissions
and non-emissions-related phenomena, mean annual emis-
sions of NO, and VOC are not controlled in this set of
models.

A final set of models is specified to test the hypothesis
that urban form influences ozone exceedances through a
mechanism that is independent of ils effects on ozone
Precursor emissions.

To do so, mean annual precursor emissions will bhe
incorporated into these models. along with mean ozone
season temperature, as a control variable.” When control-
ling for precursor emissions. the finding of 4 significant
coefficient on one or more of the urban form attributes will
support the hypothesis that the spatial structure ol eities
influences ozone exceedances through 4 non-emissions-
related mechanism, such as urban heat island formation.

5. Results

To investigate the hypothesized relationship between
urban form and ozone precursor emissions, ordinary least
squares was employed Lo derive model coefficients and
measures of goodness of fit. In each of five models, a

"Because population size und ozone precursor emissions are highly
correlated at the MSA level. population will nol be included in these
muodels to avoid multicollinearity.
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composite (sprawl index) or individual measure of urban
form is combined with population size and mean tempera-
lures and regressed dgainst average regional precursor
cmissions, The results of this modeling process are
presented in Tahle 3.

The model results show only one of the five urban form
measures Lo be significantly related to regional emissions of
NO. and VOC. Ag indicated by the standardized coeffi-
cient on the density variable, for cvery one standard
deviation increase in density, the mean annual tonnage of
ozone precursors is reduced by approximately 74,700 tons,
or by about 19% of the mean level of emissions. Overall.
each of the models exhibited a high level of predictive
power, with R® values exceeding 0.90. However, much of
the predictive power is a product of the population size
variable, which was found to have a standardized regres-
sion cocfficient five times larger than that for the density
measure. The composite sprawl index was not found to
have a significant association with metropolitan precursor
emissions over the 13-year study period.

In sum, these findings suggest a significant and
moderalely strong association between one urban lorm
attribute—population density—and ozone precursor emis-
sions in large US metros, providing support lor the study’s
first hypothesis. However. due to the fact that ozone is
sensitive to both precursor emissions and regional meteor-
ology. any association found between urban form and
emissions may not be found to exist between urban [orm
and ozone exceedances. As a result. a second set of models
was specified to assess the relationship between the spatial

Table 3

structure of large metros and ozone exceedances directly.
The results of this modeling process are reported in
Table 4.

As indicated by the model results, several attributes of
urban form. including the composite sprawl index, were
found to have a statistically signilicant association with
mean annual ozone exceedances when controlling for MSA
population size and mean ozone season emperature, With
a standardized regression coefficient of —1.04, density was
again found to be the most powerful urban form predictor.
indicating that cach standard deviation increase in density
is associated with a reduction of approximately 16 high
ozone days per year, on average. in large US metros. Also
found to be a significant and strong predictor ol ozone
exceedances was the connectivity measure. With a stan-
dardized regression coelficient of —0.35, cach standard
deviation increase in conneclivity is associated with a
reduction of approximately 5.5 high ozone days per year.

In combination. the four urban form attributes were
found to influence ozone exceedances in the form of the
composite sprawl index. With a significant standardized
coefficient of 0.42, each standard deviation increase in the
sprawl index 1s associated with an increase ol approxi-
maltely 6.6 high ozone days in large US metros, Overall, the
predictive power of the models for density, connectivity.
and the sprawl index were found to be moderate to strong,.
with adjusted R* ranging from 0.47 to 0.63.

These results suggest that the spatial structure of large
US metros has a strong association with the average
number of annual ozone exceedances, one that appears Lo

Regression results for urban form and mean annual emissions of NO. and VOC (tons)”

Vauriable B-coefficient

Standardized coefficient

Significance Model adj. &

Centeredness —T08.0 (.045
Connectiyily —463.1 —0.035
Densily —2.7323 —0.225
Lind use mix 222.4 0.015
Sprawl index 735.1 0.055

0,370 0.9)
0.50% 0.91
0.020™* (192
0.778 0.91
0.300 91

"MSA population size and mean ozone season temperatures are incorporated into cach model as control variables. Mean annual precursor emissions
are computed by summing the average emissions of NO, and VOC at the MSA level between 1990 and 2002,

“Significant at the p<0.03 level,

Table 4
Regression results for urban form and mean annual ozone exceedances”

friable B-coefficient Standardized coefficient Significance Model adj, &°
Centeredness ~0.166 —(.225 0.0x0" (141
Conneclivily —0.216 —(1.350 0.008** (.47

Density —0.592 —1.04 0.000** 0.63
Land use mix —(.109 —~0.156 0.244 0.39
Spraw! index 0.266 (422 0.001%* 0.52

“MSA population size and mean 0zone season lemiperature are incorporated into each model as control variables.

FSignilicant at the p<0.10 level,
FFSignificant ul the p<0.03 level.
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Tahle 3

Regression results for urban form and mean annual ozone exceedunces (emissions controlled)”

Varable B-coefficient Standardized coeflicient Significance Model adj, R’
Centeredness 0144 —0.195 0.123 0.42
Connectivity —0.187 —(.302 0.017** 0,47
Density —0.286 —0.504 0.007" 0.49
Land use mix —0.112 —0.160 0.227 (141
Sprawl iudex 0,226 (0.359 0.004*%* 0,30

“Mean annual emissions of NO, and VOC and mean ozone season lemperatures are included in each model as control variables,

#¥Gigmificant at the p=0.05 level.

be stronger than the association between urban form and
precursor emissions. Taken together, these first two sets of
models support the hypothesis that urban form drives
ozone formation through both an “emissions-based” and a
“non-emissions-based™” mechanism. and further raises the
possibility that the non-emissions-based mechanism or set
of mechanisms is the more powerful influence on ozone
formation. To confirm the existence ol a non-emissions-
based effect of urban form on ozone formation, a final
set of models was specified to regress the urban form
atiributes againgt mean annual ozone exceedances while
controlling for mean regional temperature and precursor
emissions. The results of these models are presented in
Table 5.

The significant model coefficients reported in Table 5 for
scveral of the urban form attributes confirms the existence
of an association between land use and regional air quality
that is independent of the influence of land use on
precursor emissions. Having controlled for mean annual
emissions of NO, and VOC and mean ozone season
temperatures, the density. connectivity., and sprawl index
measures were each found to be statistically significant at
the p<0.05 level, supporting the hypothesis of a non-
emissions-based effect of urban form on ozone formation.
As indicated by the standardized coefficient of 0.36, each
standard deviation increase in the sprawl index |is
associated with an average increase ol 5.6 high ozone days
per year. A\ one standard deviation inerease in density is
associated with a reduction of about 8 high ozone days.
and a4 one standard deviation increase in connectivity is
associated with a reduction of 4.7 high ozone days per vear.
While the density measure was found to have the greatest
magnitude of elfect on ozone exceedances. the sprawl index
model exhibited the most predictive power, with an
adjusted £ of 0.50.

6. Discussion and conclusions

The results of this analysis demonstrate a significant
assoeciation between regional land use patterns and air
guality in the country’s largest metropolitan areas. While
urban form was found to have only moderate effects on
precursor emissions measured at the MSA level, the spatial
attributes of density and connectivity were found to have a

statistically significant (p<(0.03) and reasonably strong
association with ozone exceedances when controlling for
mean ozone Season lemperature, population size. and
precursor emissions. The composite measure of sprawl also
was found to have a significant and strong association with
mean annual ozone exceedances when controlling for mean
ozone season temperature, population size. and precursor
emissions.

The potential for land use strategies to reduce ozone
exceedances 1s most clearly illustrated through a compar-
ison of the most sprawling and most compact cities
included in the study. Fig. 2 presents the average urban
form attributes and expected mean ozone exceedances
between 1990 and 2002 for the metropolitan regions
ranking in the 75th percentile and greater (sprawling) of
the sprawl index to those ranking in the 25th percentile and
lower (compact). The expected ozone exceedances are
reflective of the modeled number ol annual exceedances for
each set of regions. controlling for population size and
average ozone season lemperature. For sprawling cities,
levels of centeredness. connectivity. density. and land use
mix are. on average, about one-third lower than in compact
cities, and the uverage number of high ozone days per year
is about 62% higher.

The results of this study support the hypothesis that
urban form influences regional ozone formation through
both an emissiens-based and non-emissions-based mechan-
ism. The finding of a significant association between
population density and emissions of NO, and VOC
suggests that urban spatial structure plays a role in ozone
formation through its effects on ozone precursor emissions.
However, the influence of urban form on precursor
emissions may account for only one of several mechanisms
through which land use impacts regional air quality. While
insufficient data are available through this study to identify
the precise non-emissions-related mechanisms through
which urban form influences ozone formation, at least
two additional phenomena could explain the results
presented herein. These include enhancement of the urban
heat island effect and the geographic distribution of vzone
monitors in highly decentralized cities.

As discussed in the preceding review ol Lhe literature
on urban form and regional climate, urban heat
island formation can significantly elevate surface and air
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Fig. 2. Expected ozone exceedances for metropolitan regions ranking in the highest and lowest quartiles of sprawl index, Nofe: Lxpected ozone

exeeedances are based on maodel results reported in Table 4.

temperatures in large cities. with direct implications for air
quality. Previous work on ozone l[ormation in large US
cities has found mean regional temperatures to exhibit a
stronger association with ozone exceedances than the
emission of ozone precursors (Stone, 2005). In addition.
analyses of the effects of city size and neighborhood scale
design on heat island formation have supporied the
hypothesis that lower density, decentralized patterns of
urbanization gencrate more surface heat than higher
density forms (Stone and Rodgers, 2001: Price. 1979). If
truc within the regions included in this analysis, cities
characterized by a high degree of sprawl may experience a
grealer number of ozone exceedances than more compact
cities due to enhanced heat island formation. Future work
will investigate this hypothesis further through the
measurement ol heat island formation within the metro-
politan regions included in this study.

The finding of a positive association between sprawl and
ozone exceedances may also be an artifact of the
geographic distribution of air quality monitors in large.
decentralized cities. For cities characterized by a large
geographic extent, the average distance between an ozone
monitor and the region’s central business district may be
greater than that within the most compact cities. If true,
advecting plumes of ozone precursor emissions may travel
farther before reaching the most remote regional air quality
monitors. potentially enabling higher ozone concentrations
to Torm and be detected than within more spatially
compact monitoring networks. While a potential artifact
ol the monitoring network. such a phenomenon would also
be reflective of the fact that a greater proportion of the
metro population in decentralized regions lives in these

downwind locales and is thus subject to higher ozone
exposures,

While the precise linkages between urban form and
enhanced ozone formation will require further study, the
finding of a strong association between the spatial structure
of cities and regional air qualily raises the question of
whether environmental managers should give more serious
consideration to land use sirategies in developing air
quality control plans. Two elements of urban form in
particular—the density and connectivity of development—
were lound to be significantly related to precursor
emissions and ozone formation and are directly responsive
to land development policies instituted at the local or
regional levels of government. In particular, “‘urban growth
boundaries™ and “form-based codes™ are two planning
strategies increasingly adopted in US cities that are worthy
of consideration as long-term, regional scale approaches to
reducing total emissions and ozone formation through
urban form.

While long used outside of the United States as a means
of protecting natural areas and limiting the peripheral
spread of urban zones, urban growth boundaries have only
in recent decades been instituted by a handful of state and
municipal governments as a means to control growth.
Growth boundaries establish circumferential zones beyond
which urban population and employment densities are not
permitted. Two sets of planning policies ure typically
employed to establish such zones. First, large minimum lot
sizes (e.g.. 40 acres) and use restrictions are established
through zoning ordinances beyond the zone in which urban
development densities are to be allowed. Second. limita-
tions on the extension ol public infrastructure and services.
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such as sewer lines and fire protection. are often
coterminous with urban growth boundaries, serving to
further discourage urban development beyond the desig-
nated zone. Today, Oregon., Washington, and Tennessee
require cities to establish growth boundaries, and much of
the limited evidence available suggests that such bound-
aries are effective in limiting peripheral growth and
promoting density (Song and Knaap. 2004: Nelson.
1994). with potential benefits [or reduced vehicle travel,
oreenspace preservation, and air quality.

A second land use planning strategy that may prove
effective over the long term in improving air quality is the
replacement of traditional zoning ordinances with “form-
based™ codes. Form-based codes are designed to place an
emphasis on the physical dimensions of development. such
as the size, placement, and integration of buildings and
streets, rather than on the specific uses and densities
permitled in a particular zone. The rationale (or (orm-
based codes is rooted in the observation that, while the use
of buildings and parcels tends to change over time. the
form of the built environment changes only very slowly.

and it is the physical form of development that is of most -

significance to community interests, including environmen-
tal quality. One advantage of form-based codes related to
this present analysis is the ability for municipalities to
improve vehicle and pedestrian connectivity within and
between development zones. While traditional zoning often
permits developers to design and organize streets within
defined block sizes. form-based codes more strictly control
street, sidewalk, and pedestrian network designs, while
permitting builders more flexibility in the uses and densities
of the buildings that are constructed within the network.
Ag higher levels of street connectivity have been associated
with lower levels of vehicle trayel and emissions, form-
based codes designed to emphasize network connectivity
could yield benefits to regional air guality.

In closing, it is important to note that more compact
development patterns alone will not be sufficient to fully
address our urban air quality problems. Technological
advances in emissions controls have proven highly effective
in reducing tailpipe emissions over the last several decades,
and emerging technologies, such as hybrid vehicles and
alternative fuels, are expected to continue these reductions.
The significance of land use-oriented approaches to air
quality management lies in the potential [or these strategies
to limit the dramatic annual growth in national vehicle
miles of travel, which has greatly undermined the benefits
of per mile tailpipe reductions since the 1960s, as well as in
addressing the local-scale meteorological drivers of air
pollution, Undoubtedly, the most effective approach to air
quality management would seek to achieve a balance
hetween stack and tailpipe emissions reductions with
reductions in emissions-producing activities, To this end.
land uge strategies designed to promote more compact
urban forms are needed to complement technological
emissions controls as a means of addressing the root bases
of urban air quality problems.
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Abstract

This study evaluated the US Clean Water Act (CWA) Section 303(d) listing and delisting processes, bused on historical and current
federal and state guidelines. Lo determine whether there are regional differences in water quality assessment criteria used by various states
to determine impairment of a waterbody for inclusion in the 303(d) list. A review of almost 30 total maximum daily load (TMDL) and
delisting documents revealed that the basis for listing or delisting a waterbody varies considerably and that, in many cases, determination
of impairment was based on insufficient water quality information. Historical USEPA guidance on the 303(d) listing and delisting
processes has been generally broad, resulting in wide interpretation of the assessment criteria by various states. This has led to unclear or
conflicting hsting methodologies among states. leading to inconsistencies in impairment determination. Common problems nelude
mconsistent data quality and quantity, differences in frequency of monitering. variable interpretation ol narrative waler qualily
standards, and differences in specificity of implementation and menitoring plans. resulting in significant difference in the basis for listing
and delisting waterbodies. In response, several states have taken the initiative to provide much more specific guidance for their internul
agencies. Listing and delisting criteria are generally clearer at the stute level, but the development of differing state guidance documents
has resulted in diversity in the development of the 303(d) lists and in the process of delisting a waterbody. While state guidelines are better
able to address local considerations, such as varidtions in climalte. landuse, and water quality ohjectives, as well as social and economic
preferences, the variation in listing criteria has led to inconsistencies across state boundaries in the levels of attainment of national water
quality objectives. For stakeholders that participate in the 303(d) listing process within a particular state, these types of discrepancies may
not have a significant impact. However, these inconsistencies can lead to confusion for some stakeholders who participate in the process
in multiples states. and must deal with differing and sometimes conflicting requirements depending on the location of their Facilities.
i 2007 Elsevier Ltd. All rights reserved.

Kepwordy: Water quality: Water policy; TMDL: Impairment; Listing: Delisting: 303(d)

1. Introduction

Since the implementation of the Clean Water Act
(CWA) in 1872, the water quality of US waterbodies has
improved significantly. However, {he CWA Section 303(d)
list of impaired waters for 2002 included 59,783 impair-
ments for the 34225 listed US waterbodies. Over half of
these impairments arc caused by one of five major
Pol]ulants: puihogens, metals, excess nulrients. excessive
sediment, or organic enrichment. According to data
collected by the US Environmental Protection Agency
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E-rnail address: kelleriebren.ucsb.edu (AA. Keller).

0301-4797/8 - see front multer @ 2007 Elsevier Lid. All rights reserved.,
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(USEPA, 2006a). the spatial distribution of impaired
waterbodies covers most of the US, with the exception of
some of the very dry areas in the southwestern portion of
the country and some sparsely populated arcas in north-
western US. The distribution of impairments across the
couniry demonstrates that poor water quality is endemic in
many of the nation’s waters.

Assessment of impaired waterbodies for Section 303(d)
listing is primarily carried out by states and tribal nations.
with oversight and final approval by USEPA. Since the
initial 303(d) listing. guidance provided to the states by
USEPA was very general with no specific parameters for
assessing impairment, a number of waterbodics were
included in the 303(d) list with little data to support the
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assessment. Additionally, listing decisions were based on
criteria that varied widely across the nation. Once a
waterbody is listed as impaired, the state is required to
develop a total maximum daily load (TMDL) to address
the impairment and implement measures Lo restore the
waterbody to its designated use. The development of
TMDLs is extremely costly, requiring a considerable
amount ol Ume and resources on the part of stale agencies
and many stakeholders, Therefore, the large number of
waterbodies listed as impaired represents a potentially
substantial pational investment in the TMDL process.
There have heen some studies that have looked in general
al the implementation issues related to the TMDL program
(e.g. Freedman et al., 2004: NRC. 2001. Boyd. 2000):
although to date the listing and delisting processes have not
been evaluated in detail.

Although, in principle, a water quality assessment
through a comparison ol waler quality observations to
water quality objectives seems relatively straightforward, in
practice there are many challenges. For example. many
waler quality objectives are based on surrogale variables,
such as nutrients concentration or chlorophyll a to indicate
excessive algal growth. However. because the objectives
may be narrative, there is opportunity for inconsistency in
the application of surrogate water quality criteria used (o
determine impairment. Water quality criteria and numer-
ical targets often differ among various regulatory agencies
(c.g. federal, state, local, tribal), and may even be different
from one river reach to the next, complicating the
assessment even further. In addition, the frequency of
monitoring (l.e. annual, semi-annual, quarterly, monthly,
daily, arbitrary or strategic) may play a significant role in
the determination of impairment. yet is often unaddressed
by regulatory agencies. Discrepancies in assessment eriteria
can not only make it difficult to justify a listing decision,
but also make it difficult to support delisting of a
waterbody once it has been placed on the 303(d) list.

While USEPA guidance on the 303(d) listing process has
improved since the initiation of the CWA. the guidelines
are generally broad, leaving it up to state and local agencies
to resolve many facets of the assessment, such as frequency
of data collection, data quality, statistical method of
analysis, and interpretation of water quality criteria, Given
the significant resources required (o prepare TMDLs for
listed waterbodies, in recenl years several states have
developed their own listing and delisting methodologies
with additional guidance for their staff to facilitate and
improve listing and delisting decisions, These differing
methodologies incorporate a wide range of water quality
assessment approaches and interpretations of water quality
standards (WQS). and often emphasize different aspects of
the listing and delisting processes. depending on the
objectives of different state agencies. Additionally, a
consistent listing methodology is not always apphed
throughout a given state. For stakeholders that participate
in the 303(d) listing process within a particular state. these
types of discrepancies may not have a significant impact.

However, these inconsistencies can lead to confusion for
stakeholders that participate in the process in multiples
states. and must deal with differing and sometimes
conflicting requirements depending on the location of their
Facilities.

This study evaluated the Section 303(d) listing and
delisting processes, based on federal and state guidelines, to
establish regional differences in assessment eriteria used by
various states. We [irst reviewed the historical development
of USEPA guidance documents related to the 303(d) listing
and TMDL process. This was followed by a review ol 4|
TMDL documents, to determine whether different water
quality assessment methodologies were used by states in
listing decisions. Finally, we evaluated and compared
various state guidance decuments that go beyond USEPA
guidance, 1o establish similarities and differences in listing
and delisting water quality criteria used by states through-
out the US.

2. Background

When the United States Congress passes a law. environ-
mental or otherwise, lederal agencies are required to
develop rules and regulations thal are consistent with the
enacted law, However, state and local regulatory agencics
are often responsible for the implementation of federal
regulations, with guidance and oversight {rom federal
agencies. In addition to rules imposed by federal regula-
tions. states develop their own rules. typically in the form
of permits. which are consistent with the federal regula-
tions. if not more stringent. For instance. when the Clean
Air Act Amendments (CAAA) were passed in 1990,
Congress did not specily the criteria for attainment of
clean air standards. Instead, USEPA had the responsibility
of writing the regulations to uphold the CAAA. Each State
then had to develop an individual State Implementation
Plan (SIP) to ensure that regional air quality would meet
the standards set by USEPA. While USEPA has final
approval over SIPs, the states are ultimately responsible for
implementation of the regulations. States are then left to
provide guidance to their staff for implementing lederal
regulations. Such is the case for other environmental
regulations, including those mandated by the CWA,

Federal versus state governance is a subject of much
debate regarding the implementation ol [ederal laws for a
vide range of issues. such as gas distribution (Moring.
1999). illegal immigration (Rhymer, 2005), wellare (Rogers-
Dillon, 1999), health care (Parmet. 1993) and education.
as well many environmental regulations, including the
CAAA and CWA. Because the federal government
authorizes states with the power to implement and enforce
lederal regulations, states have a significant role in the
effectiveness of environmental regulation. Advocates of
local environmental regulation assert that local policy-
makers are better able to set policy that reflects local
concerns. while opponents fear that deceniralized rcgu]a-
tion will lead to a “‘race to the botiom™ in environmental
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quality.” (Boyd. 2000). Some argue that environmental
decentralization is beneficial because states are actually
more stringent with environmental regulations (Sigman.
2003). Others suggest that the stringency in which environ-
mental regulations are enforced. such as the CWA, are
determined by other lactors. such as budgetary and political
concerns (Helland, 1998).

In cases where the Federal government has been slow to
implement environmental regulation, or when guidance is
too general or unclear, some states have taken the initiative
to implement and enforcement federal environmental rules.
For instance. the Western Governors Association (WGA),
an organization representing the western states, addresses
cnvironmental policy and governance in the West in an
effort to implement better methods ol achieving environ-
mental goals (WGA, 2000). The WGA has identified
problems associated with implementation of federal
environmental laws and attempts to strengthen the states’
role in the federal system by improving the effectiveness
and efficiency ol environmental regulation. For example,
some of the problems related to the development of SIPs
that the WGA outlines are that the CAAA emphasize
process rather than results, and that overly preseriptive
requirements could be barriers to environmental innova-

tion. In addition, the excessive length of development of

the SIPs and the lack of effective guidance and technical
tools has lead to delays and uncertainties in the imple-
mentation process, and an inefficient use of resources (Air
Quality Initiative Steering Committee, 1997). While these
issues uncovered by the WGA relate to the SIP develop-
ment process, Lhey are also relevant in implementation of
the CWA at a state level, particularly with regards to the
303(d) listing and TMDL process. USEPA cooperates with
WGA's efforts and provides grants to assist with the
implementation and enforcement of federal environmental
regulations. For example. WGA has received grant money
from USEPA to assist the western states in implementing
the TMDL program.

Recently, the federal government has been working with
the states Lo develop common guidance documents, for
example the consolidated assessment and listing methodo-
logy (CALM) that requires that each state establish a
consistenl process for listing and delisting waterbodies
(USEPA. 2006b).

Anecdotal experiences with 303(d) listing and TMDL
development indicated that insufficient gumidance on the
listing and delisting process had resulted in wide differences
in the criteria applied around the nation. With this in mind.
we sought 1o review the existing guidance documents and
then wsing a sample of listing and delisting decisions
determine the main 1ssues that states and stakeholders lace.

3. Approach
A review ol historical USEPA documents on walter

quality-based listing was: conducted to determine the
specificity of guidance provided (o the states regarding

the 303(d) listing process. The original Section 303(d) of the
CWA asserts that states, territories and authorized tribes
are required to develop a priority ranked list of water
quality limited segments. States develop WQS and criteria
for each waterbody, and if a state identifies an exceedance
of a WQS, the waterbody must be added to the list of
impaired waters. In addition, the Act indicates that the lists
(denominated the =303(d) lists™) would be used to
prioritize each waterbody for TMDL development. Each
state is required to establish a TMDL to address
impairment of waterbodies on the 303(d) list. which must
submitted to USEPA for final approval.

While the concept of the 303(d) process appears
inherently simple, the initial USEPA guidelines did not
provide states with specific assessment eriteria lo be used as
a basis for listing walerbodies. This led to confusions
ameng state agencies and discrepancies in listing meth-
odologies. Additionally, no guidelines were provided on
the criteria required (o remove a waterbody from the
303(d) list. As a result. USEPA has released additional
cuidance documents. generally every listing cvele, in an
attempt to clarify the 303(d) listing and delisting process.
The following USEPA guidance documents were reviewed
for this study:

@ Guidance for water quality-based decisions: The TMDL
process (USEPA. 1991).

@ Guidance for 1994 Section 303(d) lists (USEPA. 1993),

e National clarifying guidance for 1998 State and
Territory Section 303(d) listing decisions (USEPA,
1997).

e Integrated water quality monitoring and assessment
report guidance (USEPA, 2001).

o EPA Review of 2002 Section 303(d) lists and guidelines
for reviewing TMDLs under existing regulations issucd
in 1992 (USEPA. 2002a).

@ Recommended [ramework for EPA Approval decisions
on 2002 State Section 303(d) list submissions (USEPA,
2002b).

e Guidelines for reviewing TMDLs under existing regula-
tions issued in 1992, (USEPA. 2002¢).

@ Guidance for 2004 assessment. listing and reporting
requirements pursuant to Sections 303(d) and 303(b) of
the CWA (USEPA, 2003).

e Guidance for 2006 assessment, listing, and reporting
requirements pursuant to Sections 303(d). 305(b). and
314 of the CWA (USEPA, 2006c)

These guidance documents typically explain the pro-
grammatic elements and requirements of the TMDL
process as it relates to the 303(d) list. However. the
documents do not provide states with a specific methodol-
ogy for assessing the water quality ol a waterbody,
particularly with regards Lo waler quality data collection,
interpretation and determination of impairment. Stateg
have resorted to developing their own methodoelogy lor
collecting and evaluating water quality data to determine iff
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WQS are exceeded: in several cases the procedures and
criteria have in the past varied even within a state agency.
A more detailed review of each document is available in
Keller et al. (2005).

As can be seen, the number of USEPA guidance
documents is substantial, and a new guidance document
hag been developed for every recent listing cycle. The
lengthy cffort spent by USEPA in the late 1990s seeking to
develop a major new “Watershed Rule™ (NRC. 2001),
which essentially hit a stone wall. is a major reason USEPA
is still having to work through guidance to sharpen ideas
on improved methods and procedures to achieve grater
consistency, transparency, and quality in the way waters
are listed under the 303(d)/TMDL process.

To evaluate the different methodologies used by states
to determine impairment of a waterbody, 350 USEPA
approved TMDL or delisting documents were reviewed
from the following states: Alabama, Alaska. California.
Colorado. Georgia, lowa. Kansas. Maine, Michigan,
Mississippi. New Mexico, New York. Pennsylvania. Rhode
Island, South Dakota, Utah. Vermont, Washington. and
West Virginia (Table 1). A more detailed summary and
review ol each document is available in Keller et al. (2003).
These states were chosen as case studies, in part, because
each has developed a sufficient number of publicly
available USEPA approved TMDL documents, and. in
part, to represent a cross-section ol states spanning the
country. Each TMDL document was reviewed to deter-
mine the listing rationale used by the state and evaluate the
effectiveness of the TMDL in addressing impairment of the
waterbody. From this analysis, differences within a state
and between states were assessed, with regards to the
application of listing criteria to support an impairment
decision.

Finally, an extensive review of the most recent USEPA
and state guidance documents was conducted to compare
and contrast the specificity of guidance between USEPA
and a number of states that have taken a proactive role in
developing documents to assist their staff in the listing and
delisting processes. Guidance documents were evaluated
from California (California SWRCB. 2004), Colorado
(Colorado DPHE, 2005), Towa (lowa DNR, 2003). Kansas
(Kansas DHE. 2003), Minnesota (Minnesota PCA. 2004).
New York (New York DEC. 2002), and Washington
(Washington DE. 2006). In many cases. the state guidance
documents detail the specific aspects of the 303(d) listing
process that USEPA has not sufficiently addressed.

4. Results and discussion

Although guidance regarding water guality assessment
and impairment determination is generally more specific at
the state level. evaluation of the TMDL case studies
demonstrate that, while many states provide more detailed
guidance than USEPA. the application of particular
criteria to justify impairment decisions are highly incon-
sistent throughout the country, Not only did listing

rationale differ significantly among stales. but many states
did not apply an internally consistent methodology for
determining impairment of waterbodies. Most states did
not utilize a uniform approach for data collection,
sampling, analysis, or quality assurance, resulting in
discrepancies in impairment determination. Frequently.
listing decisions were based on insufficient data, and
several TMDL documents lacked adequate implementa-
tion plans to achieve water quality goals for the waterbody.
In several cases, the criteria for delisting were not explicit in
the TMDL document. —

4.1. Water quality data collection and analysis

Each state is required to develop a 303(d) listing
methodology. with guidance and final approval from
USEPA, which details how water quality data will be used
to determine impairment of a waterbody. The methodol-
ogy must disclose specific details on data sources. gquality
control assurance, sampling methods and analysis, and
justification of analytical approach. The guidelines for
water quality data collection and qualily, criteria for
credible sources. and requirements for data age vary
significantly across states, which has led to many incon-
sistencies in the listing and delisting process.

Clearly. obtaining sufficient data to make a decision
regarding impairment of a4 waterbody is one of the most
important elements of the listing or delisting processes. If a
state can prevent unnecessary listing by using current and
accurate water quality data, it will avoid the costly and
time-consuming development of a TMDL. Many of the
problems with associated with inadequate water quality
data collection. quality assurance. and analyses are
symptomatic of insufficient guidance. Recent guidelines
provided by USEPA and the states attempts to clarify some
of the major issues associated with water quality data, to
varying degrees.

The 2004 USEPA guidance document (USEPA, 2003)
suggests that states consider data from a vide range of
sources, including but not limited 1o0: prior listing reports,
recent CWA 319 non-point seurce assessment. ambignt
water quality data, dilution calculations or predictive
models, water quality management plans. Superfund
Records of Decision. Safe Drinking Water Act source
water assessmenis. and volunteer monitoring networks.
While USEPA suggests that states consider data from a
range of sources, it requires that states only use credible
data for water quality assessment, which is any data
consistent with a quality assurance or quality control
program. The states generally accept data from a variety of
sources. but edach data has a different method ol data
quality assurance and quality control to ensure that water
quality data is credible.

The TMDL case studies. however. demonstrate that
although each state requires water quality data to meet
quality control requirements. significant disparities exist in
the way states address data quality assurance. Data quality
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Tahble 1
TMDL or delisting documents reviewed
State Yeuar Waterbody Iimpairment

1 Alabanma 2002 Big Nance Creck Fecal coliform

2 Alubamit 2002 Big Nuance Creck Low dissolved oxygen/organic loading ammonia
3 Alagka 1995 Eagle River Metals

4 Alaska 2000 Duck Creek, Mendenhall Valley Fecal coliform

5 Alaska 2004 Fish Creek in Anchorage Fecal caliform

6 California 199% Garcla River Sediment

7 California 1998 San Diego Creek and Newport Bay Nutrients

5 Culiforniy 2000 Navarro River Temperature and sediment

9 California 2003 Santa Clara River Nitrogen compounds

10 California 2004 Waddell Creek. Santa Cruz County Nutrients delisting

11 Colorado 2000 Big Thompson River. Little Thompson River: Fecal colilorm, determination of inapplicability

South Platte Basin

12 Colorado 2000 Cripple Creek, Arequa Guleh/Squaw Creek Determination of TMDL inapplicability
13 Colorado 2000 Big Springs Creck. Rio Grande River Busin Determination of TMDL inapplicability
14 Colorado 2000 Unnamed (ributary to Willow Creek Ammonia

15 Colorado 2000 Straight Creek. Summit County Sediments

16 Colorado 2002 Fruilgrowers Reservoir Determination of TMDL inapplicability
17 Colorado 2002 Upper Anfmas River Basin Metals (Al, Cd. Cu, Fe, Mn. Pb, Zn) and pH
[ Colorado 2002 Little James Creek. Boulder County Metals (Cd. Fe, Mn. Zn) and pH

19 Colorado 2003 N Fork Cache La Poudre River, Larimer City Sediment

20 CGeorgia 2001 Middle/Lower Savannah River Total mercury

21 Georgi 2000 Stekoa Creek Watershed Sediment

22 Indiana 2004 West Fork White River E coli

23 lowa 2000 Rack Creck. Clinton County Ammonia and NO,

2 lowa 2000 Carydon Reservoir, Wayne County Alrazine

25 Kansas 2004 Neosho Basin, Tar Creek Lead. cadmium, and zinc
26 Kansas 2004 Neosho Basin. Olpe City Lake Eutrephication

27 Maine 2003 Goosefare Brook Metals (Cd, Cr, Cu, Fe. Ni. Ph. Zn)

28 Maine 2004 Annabessacook Lake Phosphoraus
29 Michigan 2002 Carrier Creek, Eaton County Biata
30 Michigan 2003 Grand River, Jackson County Dissolved oxygen

1 Michigan 2003 Grand River, Jackson County Biota

32 Michigan 2003 Bean Creek, Lenawee and Hillsdule Counties Escherichia coli

33 Mississippi 2000 Pearl River Fecal coliform

34 New Mexico 2001 Silver Creek Conductivity delisting rationale

35 New Mexico 2001 Whitewater Creck Metuls delisting rationale

it Pennsylvania 1999 Cheut River. Favette County Chiordune

a7 Pennsylvinia 1999 Susquehanna River PCBs

38 South Dakota 1999 Hiddenwood Watershed Sediment and total phosphorous

19 Utah 2003 Beaver River Watershed Totwl phosphorus, noxious aguatic plants, riparian

habitat alteration. dissolved oxygen. and temperature

40 Utah 2002 Ken's Lake Temperature

41 Utah 2003 Mill Creek , Grand County Temperature, TDS

42 Utah 2003 Browne Like Dissolved oxygen and phosphorus

43 Vermont/NY 2002 Lake Champlain Phosphorus

44 Washington 2000 Lower Nooksack River Basin Bacteria

45 Washington 2001 Granger Drain Fecal coliform bacteria

40 Waushington 2002 Wind River Watershed Temperature

47 Washington 2003 South Prairie Creck Bacteria and temperature

44 Washington 2004 Upper Chehalis River Fecal coliform bacteria

44 West Virginia 02 Ten Mile Creek Al, Fe

50 Rhode Island 2004 Chickasheen Brook, Barber and Yawgoo Total phosphorous

Ponds

“All these documents are available al http:/ /www.epa.gov/owow/tmdl).

is not typically assessed within the TMDL documents.
making it diffieult to establish the validity of an impair-
ment determination, For instance. some states, such as
Alaska, Maine, and Utah, have in some instances relied on
walter quality data proyvided by volunteer groups without
sufficient assurance of data quality. While water quality

2003).

data collected by volunteer groups may be valuable. the
validity of a listing decision can be called into question if
the data does not meet a quality control standard. Some
states. such as Minnesola, have clearly delined guidelines
for data collected by volunteer groups (Minnesota PCA,
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Another common problem evident in the TMDL c¢ase
ctudies 1¢ that listing decisions were often based on little or
sometimes no water quality data. For example, Alabama
listed Big Nance Creck in 1992 for exceeding the fecal
coliform WQS based on a single exceedance in the water
quality data (Alabama DEM, 2002). Duck Creek in Alaska
was also listed [or non-attainment the State’s fecal coliform
WOS. a standard based on exceedance of the geometric
mean over a 30-day period (USEPA Region 10, 2000).
Duck Creek was determined to be impaired. even though
the TMDL document states that sufficient data to
determine the [requency of exceedance or geometric mean
was  unavailable. Although many TMDL documents
indicated the lack of sufficient data to justify listing a
waterbody. most did not address the need for improved
monitoring or collection ol water quality data.

A lew TMDL documents. however, did demonstrate
listing decisions that were supported by a sufficient
gquantity of water quality data. For example, Colorado
listed Willow Creck for exceeding the nutrient WQS based
on a large sampling effort of 229 samples over a G-vear
period (Colorado DPHE, 2000). Rhode Island listed
Chickasheen Brook, Barber Pond, and Yawgoo Pond for
total phosphorus. based on water quality data from
monthly sampling efforts between the months of May
and November from 1988 through 2001 (Rhode Island
DEM. 2004). However. ¢ven when water quality assess-
ments were supported by large quantities of data. many
TMDL documents made no reference to frequency of
exceedance of water quality samples, even though many
WQS require a specific exceedance frequency.

While sample collection and analysis are also rarely
addressed in the TMDL documents, ¢ number of states did
apply a consistent methodology of data sampling and
analysis to determine mmpairment and justify listing
decisions. The state ol Michigan developed TMDLs for
Grand River and Carrie Creek to address biota impairment
using a standard biological assessment method, called
“Procedure 51" (Michigan DEQ. 2002, 2003). By having a
standardized waler quality assessment and listing metho-
dology, Michigan ensured consistency in impairment
determination and listing decisions.

In addition to these different criteria for data sources
and quality control, data age and collection timeframe is
also quite relevant in the listing process. USEPA indicates
that data should not be excluded from consideration solely
based on age, but says that stales may choose to exclude
data that is no longer representative of current waterbody
conditions. While many states do have specific require-
ments regarding the age of water quality data, the topic is
not congistently handled.

Colerado recommends that data be no older than 5
years, unless an explanation is provided proving that the
data continues to reflect current conditions (Colorado
DPHE. 2005). California directs its staff to consider all
data and information. regardless ol age, lo determine
which data should be used in the listing assessments

(Califormia  SWRCB. 2004). However. California also
recognizes that older data may not represent current waler
quality conditions or may reflect the result of less precise
laboratory analytical procedures. so the age of the data
used Lo support listing must be disclosed.

In Minnesota. the Minnesota Pollution Control Agency
(MPCA) uses data collected over the most recentl 10-year
period for all water quality assessments. except in the case
of fish contaminated with mercury, where there is no age
limit for the use of mercury contaminated fish tissue data
(Minnesota PCA, 2004). Similarly, in Washington data
used in the assessment should have been collected less than
10 years before the “call for data™ period, whencyer
possible. If no water quality data is provided or too little
data is available for an adequate assessment. then data
more than 10 years old will be used in the assessment
(Washington DE, 2006). New York and lowa generally
only consider data and information from the preceding 3
years for water quality assessments used for Section 303(d)
listing (New York DEC. 2002;: Towa DNR, 2003).

Since some states do not place an age limil on waler
quality data or do not require that past water quality data
be assessed lor accuracy. this can result in listing decisions
based on outdated data that may not reflect the current
condition of the waterbody, For instance, Alaska listed
Fish Creek as impaired for fecal coliform in 1998 using
data samples taken in 1990 (Alaska DEC. 2004). Likewise,
Vermont listed Lake Champlain as impaired for phosphor-
ous in 2000 using water quality data from 1990 (Vermont
ANR, 2002). Some of these listing decisions were based on
older data, withoul reassessment of more recent water
quality to ensure that the data still reflected the current
conditions of the walerbodies.

USEPA indicates that states should also specify a sampling
approach and identify target sample sizes for impairment
decisions in the histing methodology, but should not exclude
from consideration data sets that do nol meet a target sample
size and should provide [or a further assessment of data.
Given this somewhat ambiguous approach, states have
developed much more speetfic sampling requirements. For
example, California puidelines state that samples collected
within 200m of each other should be considered samples
from the same location/station. unless justified as independent
(California SWRCB, 2004). Samples collected during a single
day or short-term natural event shall not be used as the
primary data sel to support listing. Timing of sampling
should include the critical season for the pollutant and
applicable WOS.

In Washington, only one sample per day per segment
will be used in water quality assessments (Washington DE.
2006). If more than one sample exists, replicates are
averaged. For most pollutants, Washington requires a total
of at least three samples for an assessment. Colorado
guidelines indicate that a walterbody determined to be
impaired based on three or fewer samples will be placed
on the Monitoring and Evaluation (M&E) list for
further evaluation (Colorado DPHE, 2005). A waterbody
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determined to be impaired based on four to 10 samples or
biological or physical evidence will be listed on the 303(d)
list, unless it is determined that the water quality data is not
representative (i.e. the data doesn’t account for spatial or
ie111p0rz-11 varia l]on).

Colorado and lowa also have specific guidelines for
water quality sampling in lakes. Colorade requires 2 vears
of sample results with a minimum of 12 events. represen-
tative of scasonal and diel variation. or where acute
conditions result in overwhelming evidence (Colorado
DPHE, 2003). In Towa, lakes are sampled three limes
during the summer at the deepest point in the lake basin
{lowa DINR. 2003).

In New York, the state water monitoring program
conducts rotational drainage basin monitoring and sam-
pling (New York DEC. 2002). The collected data is used to
determine if a waterbody is achieving its beneficial use.
Minnesota also conducts rotational basin wide monitoring,
and has specific data requirements for evaluating impair-
ment. including a minimum number of values and data
treatment for the following indicators: total phosphorous,
chlorophyll a, Secchi disk depth, IBI scores. and fish tissue
concentration of PCBs or mercury (Minnesota PCA, 2004).
Exceedance thresholds for these indicators are also
provided.

With regards to data analysis and analytical approach,
USEPA recommends a probability based monitoring and
sampling design and encourages states to consider pub-
lished statistical methods for data analysis. The methodol-
ogy should provide a justification of why the state has
chosen a specific analytical approach.

California’s guidelines. for example, are very prescriptive
and recommend a weight-of evidence approach to sample
analysis (California SWRCB. 2004). Rationale must be
provided for the selection of sampling sites, water quality
parameters. sampling frequency and methods that assure
the samples are spatially and temporally representative of
the surface water and representative of conditions within
the targeted sampling timeframe. To be considered
temporally independent, samples collected during the
averaging period shall be combined and considered one
sampling event. For data that is not temporally indepen-
dent, the measurements shall be combined and represented
by a single resultant value. If the averaging period is not
stated (or the standard, objective, Criterion, or ¢valuation
guideline, then samples collected less than 7 days apart
shall be averaged.

4.2, Water guality data interpretation and impairment
deteriingiion

Once water quality data has been collected and analyzed
for a particular waterbody, it must then be cvaluated and
interpreted to determine it a WQOS is exceeded. Data is
interpreted differently depending on whether water quality
crileria are numieric or narrative, as well as whether the
data is chemical. biological or physical. USEPA guidance

with regards to-data inlerpretation is generally quite vague,
and simply requires states to describe methods of
mterpretation in the documented listing methodology,
While the states have attempted to provide more detailed
guidance for internal staff. requirements for data inter-
pretation vary greatly among different states agencies.
Although USEPA guidelines do not specifically address
the interpretation of chemical data, most states do provide
specific guidance on this issue. For example, the following
are some of Colorade’s criteria that specifically apply to
attainment of chemical standards (Colorado DPHE, 2005):

e chronic chemical standards: 85th percentile:

® hardness-based metals: 85th percentile and mean hard-
ness or paired hardness and concentration data;

@ total recoverable metals: 85th percentile;

® dissolved oxygen (DO): 15th percentile;

e minimum pH: 15th percentile:

e maximum pH: 85th percentile:

@ coliform: geometric mean.

In California. stall must also follow detailed guidelines
pertaining to data interpretation. For toxins, and all
conventional and other pollutants, the binomial distribu-
tion must be evaluated to determine i exceedances
supports rejection of the null hypothesis (California
SWRCB, 2004). For DO, if measurements taken over the
day show low concentrations in the morning and sufficient
concentrations in the alternoon. then it shall be assumed
that nutrients are responsible for the DO concentrations if
riparian cover, substrate composition or other pertinent
factors can be ruled outl as controlling DO fluctuations.
When continuous monitoring data is available, the 7-day
average of daily minimum measurements shall be gssessed.
In the absence of diel measurements. concurrently collected
measurements of nutrient concentration shall be assessed
using applicable water quality objectives or acceplable
evaluation guidelines and using the binomial distribution.
For bacteria. if site-specific exceedance frequency data is
unavailable. a binomial distribution should be used. If
frequency data is available. it may be used instead. For
example, for bacteria data from coastal beaches collected
from April 1 to October 31. a 4% cxceedance percentage
must be applied.

In Kansas state guidelines lollow USEPA recommenda-
tion of a 10% raw score based on binomial analysis to
screen for conventional pollutant data from monitoring
sites (Kansas DHE, 2003). Those sites that fail the raw
score test (greater than 0% exceedance) are subject to a
binomial test. If the binomial test indicates impairment.
then the waterbody is placed on the 303(d) list, If the
binomial test indicates full support, those sites will be
subject to a final screeming. which includes a check for
evidence of recent excursions in the sample data. If the
number of excursions is within the eritical number of
excursions needed to list a waterbody, and any one of thosc
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excursions oveccurred in the most recent vear of sampling,
then the waterbody will be listed as impaired. '

Lakes and reservoirs present specific water quality
considerations, and the interpretation of chemiecal data in
lakes and reservoirs is addressed in detail by three of the
states considered in this review. In Colorado, dala
interpretation must account for scasonal and diurnal
variation (Colorade DPHE. 2005). For DO and tempera-
ture, @ vertical profile must be developed. DO for the entire
water column must be assessed for a mixed waterbody, and
mdividual DO samples are compared to the water quality
eriterion, For all other chemical parameters, samples are
compared to numeric standards. using volumetrically
welghled measurements when available.

Kansas guidelines provide the following specific cases in
which a lake or wetland should be included on the 2004
303(d) list (Kansas DHE, 2003):

e The lake or wetland assessment unil appeared in the
2002 Section 303(d) list and has not had a TMDL
developed [or its specified impairment(s).

e The lake has a designated use of primary contacl
recreation and chlorophyll a average concentration
grealer than 12 ppb.

@ The lake has a designated use of secondary contact
recreation and chlorophyll a average concentration
greater than 20 ppb.

® The lake has average total phosphorus concentration
greater than 50 ppb over the last 5 years.

@ The wetland has average lotal phosphorus concentra-
tion greater than 100 ppb over the last § years.

@ The lake or wetland. for any other parameter. exceeded
WQS or regional norms for more than 1 year in the last
3 years.

In lowa. the interpretation of fecal coliform in lakes
(lowa DNR. 2003) is typically based on USEPA guidance

which requires a comparison of: (1) the geometric mean ol

at least five samples collected over a 30-day period to state
water quality eriteria for indicator bacteria (fecal coliforms.
E. coli, and/or enterococci); and (2) the percentage of
samples that exceed a single-sample maximum value. In
cases where the geometric mean exceeds the state water
quality eriterion or more than 10% of the samples exceed
Lthe single-sample maximum value, primary contact uses
should be assessed as impaired. However, the frequency of
sampling at lakes in lowa with a designated use of primary
conlact recreation does not provide an adequate number of
data to use USEPA method. and thus modified techniques
arc used to interpret data from these locations.

USEPA guidelines indicate that states using biological
assessment to make impairment determinations should also
consider other types of information, such as chemical or
physical data. Threshold values for impairment determina-
tion should be addressed in the state’s individual listing
methodology.

California. Colorado. lowa and Washington, in general.
have consistent guidelines for biological data. Data can be
used to support non-attainment of numeric standards, or
narrafive standards/designated use -classifications. An
assessment 15 typically compared to expecied relerence
condition, such as a Benthic Macroinvertebrate Index of
Biotic Integrity (BM-IBI) or a Fish Index of Biotic
Integrity (F-IBI). These indexes use metrics 1o provide a
broad assessment of stream biological conditions, which
are based on gualitative scoring. In addition. California
recommends that visual assessment may be used as a
secondary line of evidence (California SWRCR, 2004).
Whenever possible, a binomial distribution must be used in
the assessment. In Colorado. sampling of multiple sites to
determine reference conditions is recommended but not
required (Colorado DPHE, 2005).

USEPA and most states do not specifically address the
interpretation of physical data, although some use the same
guidelines for biological data. California does require
evaluation of physical habitat data and other water guality
data, when available, to support conclusions about the
status of the water segment (California SWRCRB, 2004).
Kansas also has specific cases in which streams or lakes and
wetlands should be listed based on biological data (Kansas
DHE. 2003):

e The stream biological impairment appears on the 2002
Section 303 (d) list and has not had a TMDL developed.

® One or more of the biological metrics indicate partial or
non-support for biological monitoring stations with
three or more samples over the latest 5 years.

e Fish tissue samples show excessive amounts of bio-
accumulative pollutants (PCB, chlordane, mercury. ete.)
for 3 or more years over the latest 5 years.

@ For lakes and wetlands, one or more of the biological
metrics indicate partial or non-support {or biological
monitoring stations with three or more samples over the
latest 5 years.

Another concern related to data interpretation is that
states often use narrative standards to determine impair-
ments. but usually have no consistent method of interpret-
ing narrative standards across states or even within a
particular state. For instance. many states have narrative
WQS that apply for nutrient levels and eutrophication in
waterbodies. Some states use a Tropic State Index (TSI) 1o
determine impairment, while others use dissolved oxygen
levels or other concentration based water quality data.
States have also justified listing waterbodies that lack
numeric WQS by using Best Prolessional Judgment (BPJ).
However, the use of BPJ can lead to inconsistencies in
impairment determination. For instance, Rock Creek in
Iowa was listed in 1998 as impaired for ammonia and NO,
(NO5 /NO7) based on BPJ. but was later determined
to be not impaired [or NO, during the development of
the TMDL, again based on BPJ (lowa DNR, 2000). This
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indicates a potential for inconsistency when using BPJ as a
basis for determining impairment of a waterbody.

USEPA provides little specific guidance for determining
impairment based on narrative standards. but the states
need to address this issue. USEPA does have a program to
support development of numeric nutrient criteria and
targel concentration ranges by ecoregion, which could
overcome the interpretation ol narrative standards. Freed-
man ¢t al. (2004) and others have also worked on
developing a method for addressing narrative standards,
since their interpretation can result in wide differences in
listing eriteria.

However. in the meantime states must deal with the
evaluation of existing narrative standards. For example,
Colorado guidelines indicate that determination of impair-
ment based on narrative standards may be supported by
chemical data and/or biological/physical assessments that
provide clear and convincing evidence, or when physical/
habitat data or biological community conditions are
gignificantly less that reference conditions (Colorado
DPHE, 2005).

In Washington. listing based on narrative standards
must include all of the following (Washington DE, 2006):

o Documentation of environmental alteration related to
deleterious chemical or physical alterations, such as
nutrients or sediment deposition, as measured by indices
of resource condition or resource characteristic or other
appropriale measure,

® The alteration must be measured and documented using
a generally accepted method based on site-specific
information, with literature thresholds appropriate to
the situation or with reference sites.

e Documecntation of impairment of an existing or
designated use related to the environmental alteration
on the same waterbody segment.

e Identification of a human contribution to the environ-
mental alteration.

For impairment decisions in California based on
narrative and gualitative standards, the data submittal
must (California SWRCB, 2004): (1) describe events or
conditions that indicate impacts on water quality: (2)
provide linkage between the measurement endpoint (e.g. a
study that may have been peiformed for some other
purpose) and the WQS ol interest: (3) be scientifically
defensible; provide analyst's credentials and training; and
(4) be verifiable by the State Water Resources Control
Board (SWRCB) or the Regional Water Quality Control
Board (RWQUCB).

In New York. narrative assessments resulting in
impaired status results from one of the following (New
York DEC. 2002):

® Qccusional water quality, or quantity, conditions and/or
habitat characteristics periodically prevent specific uses
of the waterbody.

@ Waterbody uses are not precluded, but some aspects of
the use are limited or restricted.

o Waterbody uses are not precluded, but [frequent/
persistent water quality. or quantity. conditions and/or
associated habitat degradation discourage the use of the
walerbody.

® Support of the waterbody use requires additional/
advanced measures or treatment.

In Towa, numerical standards have a prelerence over
narrative standards (Towa DNR. 2003). A narrative
standard shall not constitute the basis for determining
impairment unless the department identifies specific factors
as to why a numeric standard is not sulficient to assure
adequate water quality.

Impairment from unknown pollutants is a [ar more
challenging issue. USEPA guidelines; which follow the
CWA directly. indicate that: ““Waterbodies should be
placed on the 303(d) list if the impairment or threat is
caused by a pollutant. even if the pollutant is unknown™. In
Colorado. if it is unclear il impairment is caused by
pollution, it is placed on the M&E list (Colorade DPHE,
2005). If impairment is caused by an unidentified pollutant.
then the waterbody is listed. However, discharges to the
waterbody will not be regulated until the pollutant is
identified. In Washington, if the source of impairment
is unidentified by suspected to a pollutant, the segment i§
placed on the 303(d) list (Washington DE, 2006). In lowa,
if & pollutant causing impairment is unknown, the water-
body may be listed (lowa DNR, 2003). However, the
department shall continue to monitor the waterbody to
determine the cause of impairment before a TMDL i
developed and the listing will have low priority, unless
otherwise determined. Finally, in New York waters known
to be impaired, but by causes/pollutants that have not been
identified. will not be included on the Section 303(d) list
(New York DEC. 2002). Some states seem to [ollow
USEPA guidance regarding unknown pollutants, while
others either do not address the issue or take an approach
contrary to what USEPA suggests.

In a number of instances, states have relied on fish
consumption advisories as a basis for listing decisions. even
though the advisory may not actually indicate a WQS is
exceeded. Georgia listed the Middle and Lower Savannah
River in 2000 for exceeding mercury WQS, but the decision
was based on a fish consumption advisory. which did not
provide indication of exceedances of the numeric WQS
(USEPA Region 4; 2001). States sometimes also use fish
consumption advisories to determine impairment of WQS.
but then set TMDL targels based on other criteria. For
example, Pennsylvania developed a TMDL to address
Chlordane impairment in the Cheat River. which was listed
after issuance of a fish consumption advisory (Pennsylva-
nia DEP. 1999). However, the TMDIL was established
based on human health water quality criterion. not on the
fish advisory action level. Tt does not always make sensc
to use these criteria interchangeablyv. and these types of
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inconsistencies can be confusing to stakcholders who are
required to adhere to load reductions in the TMDL. In part
the confusion arises Irom the fact that in some cases
USEPA  asserts that Food and Drug Administration
(FDA) action levels do not provide an adequate level of
protection, leading to inconsistent values between the fish
advisory hased on FDA levels and human health criteria.

For lish consumption advisories, USEPA has specilic
guidance (c.g. USEPA, 2000). For example, USEPA
considers impairment based on fish or health advisory if
the following conditions are met: (1) the advisory is based
on fish/shellfish tissue data, (2) a lower than approved
national shelllish sanitation program classification is based
on water column/shellfish data. (3) data is collected from
the specific segment. and (4) risk assessment parameters are
gqual or less protective than state WQS.

Many states go further in providing guidance to their
staff on the use of fish consumption advisories for
determining impairment. In Minnesota, an advisory to
limit fish consumption to less than one meal per week for
any member of the population is an indication of
impairment (Minnesota PCA, 2004), For Washington,
mmpairment is determined if the average of three single-fish
samples with the highest concentration or one composile
sample made up of at least five fish exceeds the criteria for
human health impacts based on EPA’s bio-concentration
factors and waler column criteria (National Toxic Rule)
(Washington DE. 2006).

In California. impairment is determined if tissue
pollutant levels exceed a pollutant-specific evaluation
guideline using the binomial distribution (California
SWRCB, 2004). The frequency of exceedance is based on
sample size. Colorado guidelines for impairment based on
fish advisories are currently being re-evaluated. For now,
they are analyzed on a case-by-case basis laking into
account: scientific basis for advisory; any existing, relevant
sediment or water column data: associated risk level;
other relevant technical info; consideration of EPA
guidance on fish and shellfish consumption advisories
(Colorado DPHE. 2005). For acute standards, impairment
18 determined by an exceedance frequency of greater than
once in 3 years.

[n Towa. the existence of a fish consumption advisory
indicates impairment. Generally, impairment is determined
if two samples are collected in consecutive years that show
contaminant levels exceed an FDA action level (lowa
DNR, 2003). An advisory is rescinded if two consecutive
samples show levels are below the action level. A single fish
kill during the most recent 3-year period. caused by a
pollutant or unknown origin. determines impairment. The
maximum frequency of violation is once in 3 years.

4.3. Unnecessary development of TMDLs
Another issue in the TMDL development process is that

some states establish TMDLSs for waterbodies where WQS
either are already attained or cannot be attained. Some

TMDL documents are developed without reassessing the
water quality of a waterbody to determine if the hasis for
listing is still valid. For example. in 2002 Utah developed a
TMDL for Browne Lake 1o address non-attainment of
WQS for DO (Utah DEQ, 2003b). However. the document
states that “analysis ol the most recent dissolved OXYEeD
data (1993-2001) indicates attainment of the appropriate
dissolved oxygen criterion,” which demonstrates that
Browne Lake was in attainment of the dissolved oxygen
WQS at the time the TMDL was established. Utah aleo
developed a TMDL for Ken's Lake, which was listed as
impaired for temperature (Utah DEQ, 2002). However, a
technical analysis was conducted for the TMDL that
determined solar energy to be the only thermal input into
the lake. Based on the results ol the analysis. the document
asserts that “Ken's Lake is unable 1o meet the current state
WQS for temperature.” A use attainability analysis would
have been more appropriate.

Additionally, TMDLs are not required for walerbodies
that are expected to attain WQS through other programs.
However. some states still develop TMDLs for these
waters. The Middle and Lower Savannah River Watershed
in Georgia was listed for total mercury based on fish
consumption advisories (USEPA Region 4, 2001). 1t was
estimated that approximately 99% of the mercury loading
to the watershed is (rom atmospheric deposition. a non-
point source. The TMDL established specific load alloca-
tions for atmospheric deposition, even though the EPA
expected most of the reduction to be achieved (hrough
implementation of the current Clean Air Act (CAA)
requirements in the local airshed. Additionally, the TMDL
does not specily the sources of atmospheric deposition,
how to reduce loading, or how load reductions could be
assessed. The TMDL also established a point source waste
load allocation, even though the point source polluters
were already regulated by NPDES permits. and the
amount of point loading to the watershed was negligible
compared to atmospheric deposition. States that develop
such TMDLs may be unnecessarily using resources needed
for addressing waterbodies in real neced of a TMDL.
However. it must be noted that this TMDL has since heen
withdrawn by Georgia.

4.4. TMDL implementation and monitoring

Many load and waste load allocations established in
TMDLs do not identify specific loading allocations for
every pollutant source, and are usually based on reductions
that do not consider the [easibility of the source(s)
achieving the required reductions. The lack of specificity
in load allocations is generally a result of inadequacy in the
data used in the listing and subsequent TMDL develop-
ment process. Load reductions in TMDLs that address
impairment from non-point source pollution often do not
include methods of ensuring that reductions by the non-
point sources will achieve WQS. For instance, Alabama's
Big Nance Creek TMDL for fecal coliform relies on
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voluntary, incentive-based mechanisms to reduce pollutant
loading from non-point sources, with no mechanism for
determining il targeted reductions are met (Alabama
DEM. 2002). The TMDLs that address nutrient impair-
ment for Annabessacook Lake (Maine DEP, 2004) and
Beaver River. (Utah DEQ. 2003a), were developed with
limited understanding of pollutant loading from non-point
sources due to lack of sufficient data. yet the TMDLs
required non-point seurce load reductions, The TMDLs
did not adequately establish effective methods of reducing
pollutant loading because the sources were unknown.

Ultimately, a TMDL will not be effective in addressing
water quality if it is not properly implemented. A clear and
concise implementation strategy is an cssential component
of the TMDL process. A monitoring schedule is also
necessary to ensure that the TMDL effectively reduces
pollutant loading and WQS are attained. The majority of
the reviewed TMDL documents did not include an
implementation or monitoring program, or if they did,
many are vague. Sometimes a TMDL will offer several
alternatives for implementation, but will not specify which
alternative to implement. Additionally, many TMDLs do
not include schedule or timeframe for attainment ol WQS.

However, a [ew TMDLs do provide a framework for
implementation and targets for long term monitoring. The
Santa Clara River. CA TMDL includes a comprehensive
monitoring program. including monitoring for publicly
owned (reatment works, municipal separate storm water
sewer systems (MS4s), and non-point sources (California
LARWQCB. 2003). An implementation schedule is provided
with specific dates for completion of various components of
the implementation plan. In addition, a cost analysis of
implementation was conducted. In addition, California,
ns well as other states. will sometimes include TMDL
implementation and monitoring programs in their regional
basin plans. The TMDLs with prescriptive implementation
plang and scheduled monitoring programs are more likely to
be cffective in attaining desired water quality goals.

4.5 Delisting issues

The purpose of establishing a TMDL for a waterbody is
{0 attain WQS for designated uses, resulting in removal of
the waterbody from the Section 303(d) list. Many states
have refrained from delisting waterbodies due to lack of
clear guidance [rom USEPA. The requirements provided
by USEPA for removing a waterbody from the 303(d) list
generally follow the criteria for the listing process, but also
include some additional considerations. USEPA (2003)
suidelineg indicate that a waterbody may be delisted with
demonstration of ~“good cause.” such as:

® more recent or more dccurate data or modeling
demonstrate that the applicable WQS(s) is being met:

8 demonstration that the waterbody was incorrectly listed:

® development of a new listing methodology concluding
that WQS are in attainment;

e demonstration that more stringent effluent limitations
or other pollution control measures will result in the
attainment of WQS:

e approval or establishment by EPA of a TMDL since the
last 303(d) list.

To successlully remove a waterbody from the 303(d) list,
a state must apply the same methodology used to justify
initially listing the waterbody, or a methodology that is
consistent with the state’s WQS and deemed statistically
reasonable by the EPA. In most cases, delisting follows
USEPA’s biannual review process. to coincide with the
listing cycle.

While the delisting process is arguably just as compli-
cated, if not more so, than the listing process, a small
handful of states. including Colorado and New Mexico.
have documented rationale for delisting decisions. In 1998,
Colorado listed Fruitgrowers Reservoir as impaired for
fecal coliform and ammonia, but it was unclear if listing
was based on a quantitative assessment of water quality
data (Colorado DPHE. 2002). In 2001, water quality data
was re-assessed. including 90 samples for fecal coliform
and 67 samples for ammonia, which indicated that
Fruitgrowers Reservoir was in attainment of the fecal
coliform and ammonia WQS. Colorado delisted Fruit-
erowers Reservoir based on USEPA guidance that states a
waterbody may be removed from the 303(d) list at such
time s review ol the original listing decision is [ound to be
in error.

In 2000. Colorado successfully removed Big Thompson
River and Little Thompson River, previously listed for
non-attainment of WQS for fecal coliform, trom the 303(d)
list (Colorado DPHE, 2000). An analysis of 50 samples
from Big Thompson and 14 samples from Little Thompson
indicated that each waterbody was in attainment of the
designated fecal coliform WQS. Colerado’s decision to
delist these waterbodies was supported by USEPA
guidance asserting that a waterbody may be removed from
the list at such times as the waterbody is mecting all
applicable WQS. Similarly, a segment of Whitewater Creek
in New Mexico was listed on the 2000-2002 303(d) lists for
non-attainment of WQS for metals based on an inaccurate
data assessment (New Mexico ED. 2001). Re-evaluation of
the data did not show any exceedances ol the WQS.
Therefore. the scgment of Whitewater Creek was removed
from the next 303(d) list.

5. Conclusions

The process of determining impairment in a waterbody
has become much more formalized in the past 15 yearc
Earlier guidance provided by USEPA resulted in widc
differences in criteria used for including waterbodies on the
303(d) list. While it is clear that USEPA guidance has
improved from the early 1990s, several states decided in the
early 2000s to develop additional guidance for their own
agencies [or the listing and delisting processes, given the
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significant resources required to prepare TMDLs, This has
resulted m significant disparities among states in emphasis
on different aspeets ol the listing and delisting processes.

The review of numerous TMDL documents from more
than 10 states throughout the country illustrates the range
of the issues associated with impairment determination and
TMDL development. most notably the general lack of
consistency in impairment determination. Common pro-
blems, including unclear or conflicting listing methodolo-
gies, inconsistent interpretation of narrative and numeric
WQS. arbitrary and unimeasured pollutant loading alloca-
tions and reduction requirements, varying data quality and
quantity, and vague and inadequate implementation and
monitoring, can result in TMDLs that do not adequately
address impairment. The results of this analysis demon-
strate the need for adequate guidance in the 303(d) listing
and TMDL development process.

In general. while states have taken the initiative to
address these pertinent issues, it is clear [rom the review of
the TMDL documents that even within a state there are
significant differences in application of particular criteria.
States needed 1o address specific aspects of the listing
process. such as consideration of data sources and data
quality or interpretation ol narrative water quality criteria.
because USEPA did not provide clear guidance on
these issues. Sampling frequency, number ol exceedances.
duration of exceedance. age of data, timeframe to be
considered, and many other such issues had been leflt to the
interpretation of local staff, but are now being addressed
more specifically by the States.

Although listing and delisting criteria is generally clearer at
the state level, the development of differing state guidance
documents has resulted in diversily in the development of the
303(d) lists and in the process of delisting. For many
stakeholders, this has no significant impaet, since they
operate within a particular state, However, this can lead to
confusion for some stakeholders that participate in the
303(d) process in several states, and thus must deal with
differing and sometimes conflicting requirements depending
on the location of their facilities. Several more iterations of
the listing and delisting process may be necessary before
common national criteria for the determination of impair-
ment of a waterbody are established.
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Abstract

The causes for the failure in enforcement of envirommental regulations at the Giap Lai pyrite mine in northern Vietnam are considered
and the environmental impacts that are associated with this mine are evaluated. 1t is shown that sulphide-rich tailings and waste rock in
the mining area represent significant sources of acid rock drainage (ARD). The ARD is causing elevated metal levels it downstream
water bodies, which in turn, represent a threal to both human health and to aquatic ecosystems. Metal concentrations in impacted
surface waters have increased after mine closure. suggesting that impacts are becoming progressively more serious, No post-closure,
remediation measures have been applied at the mine, in spite of the existence of environmental legislation and both central and regional
institutions charged with environmental supervision and control. The research presented here provides [urther emphasis lor the
recommendation that, while government institutions may need to be strengthened. and environmental regulations need to be in place.
true on the ground improvement in environmental quality in Vietnam and in many other developing countries require an increased focus
on promoting public awareness of industrial environmental issues.

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

This paper examines the causes for the [ailure in
enforcement ol environmental regulations at the Giap Lai
pyrite mine in northern Vietnam (Fig. 1), and evaluates the
environmental impacts that are associated with this mine.
The research was conducted as part of a development
cooperation project. supported by the Swedish Interna-
tional Development Agency (Sida), and the Vietnamese
Ministry of Industry.

Baker (1990) suggested thal the two main reasons for
environmental policy failure are: (i) regulatory, when no
legal mandate exists for environmental protection and (ii)
related to enforcement, when the agency charged with
environmental supervision and control lacks the infra-
structure and/or power to enlorce regulations. Efforts to
encourage improved environmental management in devel-

"Corresponding author. Tel.: +46 13282939: fax: +4613 133630,
Lol addregs: LanNgatema lose (LT, Nguyen),

(301-4797/% - see front matter @ 2007 Elsevier Lid. All rights réserved.
doi:10,1016/] jenvman.2006.12.012

oping countries have generally focused on the development
of environmental regulations, and the setting up of state
environmental agencies charged with the implementation
of these regulations. Important efforts have also been made
in introducing and promoling environmental awareness
and the related concepts of cleaner production (CP) and
environmental management systems (EMS) within mining
companies (Hilson, 2000: Hilson and Nayee. 2001).
Internationally. this has led to significant environmental
improvements at many mine sites. In developing ¢ountries,
there have even been cases where international mining
companies have assisted developing country regulators in
developing new environmental regulations (o help ensure
responsible mining (c.g. see Hilson and Murck, 2000).

[n Viemam. the legislative framework for environmental
management is laid out in the National Law on Environ-
mental Protection (NLEP) from 1993, The NLEP calls for
the parties responsible for environmental pollution to pay
compensation (the polluter pays principle), and provides a
basis for the claboration of environmental standards. and
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Fig. 1. Map showing location al the Giap Lai mine in Northern Vietnam.

the requirements [or Environmental Assessments on both
new and existing facilities. The main agency responsible {or
environmental supervision and control is the National
Environment Agency (NEA), within the recently created
Ministry  of  Natural Resources and Environment
(MONRE). At the level. the government has
established Departments of Secience. Technology and
Environment (DOSTEs) in each province. charged with
implementing environmental laws for all but the largest
firms, So-called Peoples Commiltees also play an important
role in implementing sovernment policies at the locul level.
People’s Commitlees exist at a range of levels, from village
to commune (a group of villages). In this paper. the Giap
Lai mining operations serve as an example of to what degree
the regulatory regime outlined above 1s being implemented.

Metal mine sites are often significant sources of metal
po]]uliou in waler bodies and soils, with associated effects on
local ecosystems (Lottermoser et al. 1999). World-wide.
there have been many instances of environmental degrada-
tion caused by metal contamination from abandoned mimng
operations (e.g. see Environment Australia. 1997: Bervoels
ct al,, 1998; Azcue, 1999; Apodaca et al.. 2000; Martin et al..
2001). The release of metals from such sites is often caused
through so-called acid rock drainage (ARD). ARD 1s
generaled when sulphide minerals oxidise, releasing sulphuric
acld and hence metal ions into solution (Loxham. [988:
Salomouns, 1995). Typically, ARD is [ormed in abandoned
mine adits or in tailhngs impoundments and waste rock
deposits. 1t has been shown that once the formation of ARD
has been iniliated, it 1s extremely difficult to mitigate and/or
manage. As ARD formation typically takes place over very
long time spans, this process may lead to the creation of
significant and leng-term environmental liabilities (Harries
4and Ritchie. 1988; Loxham. 1988). The Giap Lai pyrite mine
may be such an environmental liability.

local

Z. Study area

The Giap Lai mining area is located in the province of
Phu Tho. about 80 km west of Hanoi (Fig. 1). The area is

sitnated in the Doidong valley, at an altitude of 70m and
nestled in among low hills, which reach 200-400m in
height. Currently, about 500 people live in the immediate
vicinity of the mine site. and some 5000 live m amall
villages sitnated within a 10km radius.

Mining of pyrite by the Giap Lai pyrite compuany
occurred during the period 1975-1999, alter which these
operations ceased. The company was then renamed to the
Phu Tho Mining and Mineral servicing company and it 18
now operating a number of smaller kaolin, feldspar and
other industrial mineral mines in the area.

Until recently, all mine ventures in Vietnam belonged Lo
the state. Thus, the Giap Lai pyrite company belonged to
the Vietnam Mineral Corporation (VMC). which in turn. is
positioned within the Ministry of Industry. At the height of
operations, activities employed some 1100 people. and
34000 people. largely dependent on the mine, were living
in areas adjacent to the operations. Most of the employees
and beneliciaries were people [rom the nearby districts,
with only some 20% of the work force being drawn [rom
other provinces. At present, the company cmploys some
150 people.

The mining area is located on a regional waler divide,
and is drained by two small streams (Fig. 2). These are the
Thanh Sen. which empties into the Bua River (6.5km Lo
the NW), and the Thanh Thuy, which empties into the Da
River (7 km to the SE). The Thanh Son’s discharge varies
between 10 and 1001s™', whereas the Thanh Thuy's
discharge varies between 5 and 3501s™'. The Bua River
carries 7-50m’s ', whereas the Da River is a very large
river with flows of several hundred cubic metres per second
(SGAB-CIE, 2002).
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Fig. 2. Map showing the location of all surface water and sedimen|
sampling sites i the Giap Lai mining area.



714 Vo Haben Tarvas WWahibery, LT, Ngnyen |

The climate 13 monsconal, with an annoul rainfall
averige of 1600 mm. and with high humidiy (80-90%)
throughout the year, There is one tainy season. rom April
o September. during which the monthly ramfull exceeds
200 mm whereas in the remainder of the vear. it ranges
from 30 o 80 mm. Yearly mean temperature 1s 23 C.

During pyrite muning. the exploited ore consisted of

three massive ore bodies. with a total length of abour 2km
and a grade of parite in the range 26 24%, (SGAB-CIlL.
2002). Mine records suggest that initially. the annual
production figures were in the range 10-50 thousand
tonnes ol pyrite ore. The mine was expanded substantially
i the mid-1980s when production initially peaked at over
200 thousand tonnes of ore, then gradually decreasing to
below 30 thousand tonnes in the late 1990s (SGAB-CII.
2002). Minmg was performed in three pits. Open Pit |
(12 ha) wus mined from 1975 to 1995, (jpen Pt 2 (15 ha)
from 1992 to 1996 and Open Pit 3 (2 ha) was mined [rom
1996 16 1999 (Fig, 2). The mining operation terminated m
1999 and all three pits are now abandoned and filled with
water. Open pits | and 3 have surfuce water outlows.
whereas the second pit is hydrologically closed (SGAB-
C1E. 2002).

Mine records suggest thal a total of more than 3 million
m” of waste rock was removed (rom the three pits
during mining. About one million m” of this waste rock
ts stored m two deposits situated to the north of the open
pits. and it is also believed that a substantial part of waste
rock has been used to backfill the three open pits (SGAB-
CTE, 2002). The ore was reated in a central concentration
plant. und mine records suggest that a total of 1.2 million
tonnes ol pyrite ore was produced. Tailings [rom the
process where deposited in two tailings facilites (Fig, 2).
A first tailings dam was used up until the late 1980, and it
contains about 200,000 tonnes of material. The newer
facility. used from the late [980s until mining ended
contains some 880,000 tonnes of tailings (SGAB-CTE.
2002).

3. Methods

The work performed was multidiseiplinary in nature and
both quantitative and qualitative mlormation his been
collected. Most duta were collected either on site in Giap
Lat orat the Ministry of Industry in Hanoi. Freldwork was
conducted on four occasions from 1997 1o 2002: in
September 1997 when operations were still ongoimg: April
2001; February 2002: and March 2002 when operations
had ceased.

3.4, Literature veview and interviews
The research included a review ol the Vietnamese policy

framework. the relevant legislation and the institutions
invelved in environmental munagement issues. Interviews

with mine management and stafl at the Ministry of

Industey as well as relevant local mstitutions (DOSTE

Sapemal of Envivonmental Mundgement 86 (2008, FI2-720

and People’s commitlees) were undertaken 10 oblain
detailed information rvelevant to this case study.

3.2, Wuaste characterisution

The waste products produced from the mining operi-
tions were anualysed to assess their long-term potential to
produce contanunation. This was achieved by analysing
metal content and by conducting leaching experiments. The
solid waste samples were collected during February and
Muarch 2002, .

Composite sumples of solid waste were sampled from
witste rock deposits north of the open pits (10 samples).
and from new and old tatlings Teilities (3 samples each), At
cach sile, composite samples comprising five difTerent
0.5 kg subsamples collected from arcas of about 10m” were
collected. The samples were taken both at the surface and
at depths ol as much as 0.5 m. The composite sumples were
thoroughly mixed and then crushed in g mortar. wherealier
they were dissolved in agua regia before the contents of Al
Fe. Cu. Ni. Pb und Zn were determined by Atomie
Absorption at the NIMM laboratories in Hanoi.

Four source materials for metal contamination were
selected for leaching experiments usimg humdity cells: (1)
waste rocks: (1) (resh material from the new tailings lucility:
(1it) older and partly oxidised material from the new
tailings facility and (iv) material [rom the old tailings
facility. The procedures and designs of the leaching tests
followed Sobek el al. (1978). and the tests were run {or 4
period of 28 weeks. The objective of such fests is Lo
aceelerate the processes of leaching and buffering, and in
this way ascertain 1l the material will, mn the longer term,
generate ARD. Water (rom the new tailings impoundment
was used to moistunise these tested samples belore the
oxidation process 1o ensure the presence of bacteria during
oxidation: The leachates collected cach week were unalysed
For pH. electrical conductivity. and sulphate concentration.
The leachate analysis was carried out by using handheld
instruments. through titration and by using u speetro-
photometer. respectively, at the NIMM laboratories in
Hunol.

3.3 Assessment of envirommental fmpeces

The severity ol environmental impaets was investigated
bv collecting samples ol surface waters. und Stream
sediments at selected sites in and around the mining arcu
(Fig. 2). Surface water was faken durng all samphng
campaigns, Stream sediment sampling was collected twice
(i September 1997 and February 2002),

331 Surface warer

Physico-chemical parameters were determined in the
field by standard handheld instruments and complimentary
wel chemistry analysis at National Institute of Mining and
Metallurgy's (NIMM) laboratories in Hanoi. The water
samples for anulvsis of metals were passed throongh a
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0.45pum filter and thereafter acidified to pH 2 in acid-
washed polyethylene bottles, Metal concentrations were
analysed by [CP-AES/MS at the Analytica laboratories in
Luled Sweden.

3.3.20 Stream sediment

Stream sedimenl composite samples. comprising three
water-saturated subsamples, were collected with a spatula
at each site, with each subsample weighing about 250 g.
The subsamples were thoroughly mixed together to make
up the composite samples. and these were collected in
plastic bags and then Kept in a cooler. The samples
were submitted to the Analytica laboratories in Lulea.
Sweden for analysis. At the laboratory, the samples were
wet sieved through <63 pm mesh and dried before they
were bomb digested in a mix of concentrated nitric
acid and hydrogen peroxide (30%). The samples were
then analysed by ICP-AES/MS for all metals, except
mercury, which was analysed by Cold Vapour Atomic
Fluorescence.

3.3.3. Method of interpreration

The evaluation of impacts is based upon comparisons
with: (1) estimations of world wide average concentrations
ol metals in water and sediment (Wedepohl. 1991; Forstner
and Wittman, 1983); (i) WHO guidelines for drinking
water quality (WHO, 2004); (iii) US EPA waler quality
standards lor the protection of aquatic life (US EPA,
2003a); (iv) US EPA sediment quality guidelines [or the
protection of aquatic ecosystems (US EPA. 2005b) and (v)
conditions at sites that have not been affected by mining
and processing, or other industrial activitics —so-called
hackeround values.

4. Results

4.1, Waste characterisation

The sources of metal contamination in the mining area
mainly consist of: (i) waste rock, and (ii) process lailings.
Table 1 summarises the metal content of samples taken
from the two tailings impoundments and the waste rock
deposits. It can be seen that most of the samples contain
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appreciable amounts of metals. Further, the levels of toxic
trace metals are similar in all three types of material.

The results of the leaching tests are illustrated in time
series in Fig, 3. The progressive leaching of a fresh sample
from the new tailings impoundment (new tails) shows that
this material is initially well bullered, as the pH remains
high until week 6. However, alter week 6 the pH falls
dramatically to stabilise at between 2 and 3. Simulta-
neously. there is an increase in the conductivity of the
leachate coupled with a concomitant merease in sulphate
levels. This provides good evidence that, in spite of
initially being well buffered, this material will eventually
generate ARD.

The other three samples. representing waste rock,
material from the old tailings impoundment. and already
oxidised parts of the new tailings impoundment have
similar leaching characteristics. Unlike the new tails, pH
values are low already from the onsetl, equilibrated at
around 3. The pH remained stable through the duration of
the experiment. Conductivity readings and sulphale con-
centrations gradually decrease with time, showing how the
easily leachable sulphide minerals become progressively
scarcer. Thus, it i1s suggested that waste rock and tailings
material will generate considerable amounts of ARD, and
that this may occur over a long periods of time. These
conclusions are corroborated by the results of the [ield
sampling and analysis (see below).

4.2. Environmental impacis

Three main areas of surface water contamination werc
examined: (i) areas downstream of the new tailing
impoundment; (i) water in the open pits and (iii) water
downstream of the waste rock deposits. Further, six water
samples were collected 1o represent local background
conditions. The median background values were thus
calculated. The results are summarised in Table 2.

The background conditions encountered are overall in
line with existing estimation of worldwide background
levels. Thus, there appears to be no significant natural
elevation ol metal levels in water upstream of the mining
area. Conversely, the contrast between the background
conditions and impacted areas is marked.

Median metal content in waste rock. and material rom the old and new tailines facilities

AL (%) Fe (%) Cu (mgke ™) Ni (meke ') Ph(meke ') Znimoks )
Waste rock Median 8.1 16.7 76 92 26 88
{r=11) Std. dev 2.7 24 106 63 24 37
Old railings dam Median 34 234 97 53 14 223
(n=73) Std. dev (.69 92 23 5 0.58 68
New (uilings dam Median 59 49 125 38 2 a9
(= 06) Std. den 1.7 4.1 111 56 92 39
US EPA (ERM) — = 270 2 218 410

US EPA sediment quality swidelines gre used for comparison,
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Fig. 3. Graphs showing results of the leaching experiments.

Samples collected downstream of the new tailings
impoundment have [ow pH and highly elevated concentra-
tions of Al and of the trace metals Cd, Cu, Ni. Pb and Zn.
Further, concentrations of the less loxic Zn and Mn are
very highly elevated downstream of this facility. Seepage
appearing at the foot of the tailings impoundment (TF4)
contains especially high concentrations of metals, and
sampling at this site in 1997, 2001 and 2002 suggests that
metal leaching iy becoming progressively more severe with
time (Fig. 4). The pH of this seepage has decreased
dramatically during this period. from just below neutral in
1997 when operations were still ongoing (6.3). to strongly
acidic in 2001 and 2002 (5.4 and 3.0, respectively). In the
2002 investigation, the seepage waler contained high
concentrations of metals that are toxic to both humans
and to aquatic life. The coneentrations are, however,
relatively rapidly diluted downstream (Fig. 5). Thus. the
metal concentrations at SW444, a bit more than 1km
downstream of the new tailings impoundment. although
still noticeably elevated. no longer exceed US EPA water
quality standards. Further, the effect on the Bua River (cf.
samples Bua | and Bua 2) appears Lo be negligible (Fig. 5).
Similarly. water samples collected downstream ol the waste
rock deposits have low pH and elevated concentrations of
Cd. Cu, Ni, Ph and Zn (Table 2). However. low metal
concentrations in samples taken some distance downstream
(e.g. SWIII and SW1) suggest that significant impaclts are

restricted to an area less than a few kilometres downstream
of the waste rock deposits.

Water samples collected from the three open pits show
that water quality varies significantly between the pits
(Table 2). Water in open pits | and 3 is of good quality,
with near neutral pH. and only modestly elevated levels of
metals (although with a fairly high level of Cd being
recorded in Pit | in 1997). In contrast. the water in open pit
2 has levels of Cd, Cu and Ni that exceed water quality
criteria lor protection of aquatic life. Further, it is clear
that water quality of Pit 2 deteriorated from 1997 1o 2002.
The pH was 6.7 in 1997, whereas it was 3.1 in 2002. The
concentration of Al Cr, Cu, Mn and Pb increased
dramatically during the same period (Table 2). The reason
for the poor water quality found i Pit 2 is likely to be a
result of the hydrological regime of the pit in combination
with the presence of large deposits of sulphidic waste rock
on the pit’s northern and eastern shores. As Pit 2 has no
surface water outflow, the ARD drainage thai is formed in
these deposits cannot be drained out of the pit. Thus. once
the buffering capacity of the water and the sediment in the
pil were exhausted, the pH dropped and metals entered
into solution. As a result, Pit 2 is devoid of lile, whereas the
other two pits support aquatic fauna (SGAB-CIE. 2002).

Stream sediment quality data are shown in Table 3. Site
SW35 was selected as a background site. However, it can
be seen that the levels of As, Cd, Cu, Hg and Zn
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Tahle 2
Antalysiseresulty Tor surfice water samples collected an the Grap Lt miming area
Sample Daie pH Al As Cd Cr Cu Mn Ni Ph 7Zn
(el (pel™") (el (1™ (ugl™") (el ™ (gl ") gl ') (gl "
Seungres affected by drainage from the aen' tailings deposits
THI Feh-02 74 4.8 018 0.023 0.03 bl 230 1.5 78 (R
TE2 Feh-2 3 1700 093 0.98 24 51 1700 72 39 i
TI-3 Sep-97 6.8 L5 1.1 10 N.8e 54 e 1811 <().20 220
Tl Sep-47 0.3 39 <43 Fol Lo 3s 2300 7 1.5 74
Apr-01 5.4 1960 24 3.9 1.7 290 G700 240 0,97 130
Feh-02 0 26,000 W 4 O 720 S0 281 8.1 300
W4 Anr=] 0.6 190 0.91 2ud) (1027 61 i) 130 < {1030 35
Feb-2 3R 47001 .13 0.73 3 160) 9811 53 .28 60
SWaY Apr-01 T2 17 .66 (1185, 04172 2T 73l I 021 32
Samples affected by drainage from the wasee rocl deposirs
SW1 Sep-97 T2 170 .63 0077 (.84 (.86 1400 7 (134 ¥
SWILI Apr-1 6.7 .3 3 011 0.026 0.3] 3301 10.7 =030 49
SW2 Sep-97 .8 880 0.47 (.24 L5 16 et 14 (1.94 14
Apr-01 6.3 28 Q.52 0.6 0.019 22 ERIVE 24 < (1030 63
SW22 Mar-02 04 39 0,72 018 <05 =5 7600 I8 {1050 36
SWi3 Sep-y7 T2 Fo, 000 <48 1.2 |2 73 uaf 171 1 | 220
SWd Sep-47 4.6 (700 <43 1.2 54 160 A 99 .57 140
SWH Sep-u7 7.3 16000 |4 hi2 5.0 14 390 5.3 8.4 19
Samples forme the open pits
QP Sep-97 0.7 it < 1.0 1.3 0.69 1.7 L0 3 <{.20 an
Apr-01 8.0 O 0,38 0.21 10.039 1.4 300 9.1 014 12
Mar-{2 7.6 20 0,45 04 0.034 075 3an 6.6 0074 6
ap2 Sep-47 6.7 116 |2 7.6 0.89 36 il 250 <0.20 (E1]
OPZ (a) Miar-02 3.1 VEUT < (.10 k154 2 70 S20H0 220 4.4 330
0p3 Apr-01 77 i 0.56 00,0089 412 21 100 ik D058 0.7
OP2 (out) Now-01 6.9 52 1.0 (0.0023 0.076 I2 RE] 7.6 (.033 1.4
Scnples from e B River
BLAL Apr-i T4 O.4 (.23 00083 19 (.64 15 0.36 (.93 0.7
BLIAZ Apr-01 7.4 7.6 0124 0.014 n.2 0.6 20 0.42 014 1.3
Rutelegronmil sites
QP (in) Nuov-ll .7 1910 0.7 0.1 (1,36 2 114 [.3 0u4 u4
OPF3 (in) Nov-1 Gy 112 e <0002 003 3.6 100 056 0.26 )
SWil Sep07 7.0 161) <30 <{).020) 14 (RO 68 I.3 0,08 J25
SW3s Apr-01 7.0 7.3 0,49 < 0,005 0.26 043 65 13 .05 I
SW6 Sep-47 T4 Tk <(),30 < (L020) 1.2 0.4 52 1.3 (.24 2.1
SWoH Sep 07 7.4 200 N.73 <0.020 1.2 (.84 131 L7 1.7 23
Median i 1{2 0.7 0.02 .36 (154 1o |.3 {126 23
huckaround
Biclepround 0.07 - |8 02 (.3
(Farsioner &
Wittman, [4¥83)
LS pA COCH 87 150 0.25 74/11" 9 — 32 2.5 120
WO 100 1 3 S 2000 400 20 ] 3000

Data in hold exceed the chronie level of US EPA gquality stundards for the protection of aguatic life, whereas data in italics exceed WHO guldelines (o1

drinking witter queatlity, Data it ftalic bolds vxceed both standurds,
“Dissolved coneentration n water bardness of 100mg ™" CaCO;,
"Cr (ITiIVI,

cncountered at thiy site are high in comparison (o the world
daverage for metal concentrations in sediments (Férstner
and Wiltman, 1983). Downstream of the contamination
sources, the metal levels are elevated compared to back-
around. The elevations are: however. modest. and there are
only a small number of cascs where metal levels exceed US
EPA standards. Those highest concentrations are found at

the sites TF4 and SW44 which are both @ituated down-
stream ol the new tailings facility. The impacts on scdiment
guality rapidly become less serious further downstream.
This i illustrated by two samples taken from the Bua river
were the sample taken upstream ol the influence of the
Giap Lai miming area 1s near identical to the one taken
further downstream (Fig. 6).
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4.3. Policy discussion

[t is shown that sulphide-rich tailings and waste rock in
the Giap Lai mining area represent significant sources of
ARD. causing elevated metal levels in downstream water
bodies. which in turn, represent a threal o both huwmun
health and to aquatic ecosystems. The mine sile now
represents a considerable environmental Hability.

Furthermore. as a result of the failure to undertake any
efforts to remediate this hability, the impacts are becoming
progressively more severc.

In addition to the NLEP. the Mineral Law of 1006
contains environmental regulations that specifically targel
the mining sector, In this law, it 1s stated that activities in
the sector must use technologies that are environmentally
friendly. and that alter the completion of mining the
alfected land and surroundings must be rehabilitated and/
or reclaimed. The Mineral Law alse states thalt any
organisation or individual involved in a mining venture
must deposit [unds in an authorised bank account in order
to assure that funds for rehabilitation will exist at the
end of the mine's life. Additionally. the Vietnamese
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Fig, 6, Cu, Niand As concentrations in sediments downisiream the new
tathings fucility, Sampling locatons are plotted m downstream direction,
lell to righl.

Sumple As(mukpe ) Cd (meke ) Co(meks ') Crimgke ') Cu(mekg™") Hg (meks™") Nitmgke 'y Ph (muke 5 Zn(meks N
I'+4 130 T2 12 a9 22 0.042 70 2 120
SWd4 14 (h45 I 10 260 0n.0s7 4 21 a7
S 32 (33 2 (RN S0 0044 S 24 Y
BUAL 13 0,21 25 33 3 1051 44 23 A5
BLA2 24 (.32 22 L6 44 (.073 40 24 7]
O] 36 (1.33 bt 34 21 0,043 40 I 420
Sw2 L1 0.67 I 114 110 (.08 54 27 0
SWS5 12 .99 42 Hy 37 10 51 2 220
World avernge 6 (.35 — 3 (.06 35 L]
LS EPA ERM 70 Y6 — 370 270 0.71 32 28 410

Waorld average and LIS EPA sediment quality puidelines are meluded Tor comparison. Sample SW33 represent background conditions, Data i bold exceed
LS EPA sediment quality guidelines,
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Government Circular from 1999 provides further guide-
lines for how such funds should be set up. and stipulates
requirements for mine closure. Further, according to
Ministry of industry staff, these laws and regulations were
communicated to all Vietnamese mining operations. [t is
clear. thus. that a legal mandate exists for environmental
protection in the Vietnamese mining industry.

In many countries, informal community pressures have
been shown to increéase the frequency and effectiveness of
environmental supervision and control (Dasgupta et al..
2000; O’ Ronrke. 2004). Also in the Giap Lai area. during
active mining, there were cases were the local community
lodged environmentally related complaints to the com-
pany; including in these complaints were issues such as
contamination ol water resources, and agricultural land. In
line with Vietnamese policy. these complaints were lodged
at the People’s Committee, as well as with the Phu Tho
DOSTE. According to mine management. the complaints
led compensation being paid out for damage caused in
cases where drainage from the mining operations found
their way into [arming areas and domestic wells.

Before closure there were activities undertaken by the
Ministry of Industry. which suggest that the need lor
environmental measures were acknowledged by the mine
owners. Investigations were undertaken and needs for
mitigation measures identified (SGAB-CIE, 2002). The
waste materials were identified as significant environmental
liabilities, which needed to be addressed. Importantly. the
significance of not allowing the new tailings facility to
oxidise and thereby cause ARD was identified at a
relatively early stage (SGAB-CIE, 2002). However, no
effective measures were subsequently taken. Instead, the
new tailings facility which was water covered during
operations, was subsequently allowed to drain and
partially dry out and. as predicted by leaching experiments,
thereby exposing the tailings (0 extensive oxidation and
associated mobilisation of metals. This, in turn, is leading
to a progressive worsening of downstream impacts (cf.
above), Mine management argued that the lack of
appropriate environmental measures was a consequence
of ~the financial support for addressing these impacts not
being forthcoming, neither from the VMC nor the Ministry
of Industry...”. This statement, in turn, implies that the
Giap Lai pyrite company was not prepared Lo, on its own
accord, take on the environmental responsibility that is
stipulated in Vietnamese law. The end effect was that no
elfective post-closure, remediation measures were applied.
Possible reasons for this regulatory failure are discussed
below.

Tarras-Wahlberg (2002) suggests a number ol reasons
behind the failure to apply existing environmental regula-
tions in & mining district. some of which may be relevant in
Giap Lai area. These include a lack of financial resources
on part of the minming companies: lack of awareness of the
legislation on part of Lhe mining companies and/or
the supervising authorities; inadequate capacity of the
vovernmental and provincial authorities charged with

environmental supervision and control and lack of public
participation and pressure in issues related to environ-
mental management. O'Rourke (2004} reports [rom
Vietnam and identifies public invelvement in industrial
environmental management issues, not including mining,
as the key driver in cases where environmental regulations
have been successfully applied in this country. The type of
public participation identified by the author is, however,
not official participation in the regulatory process (which
is, in any case restricted by law) bul rather a more
spontaneous and unofficial form. O'Rourke (2004) idents-
fies a number of further characteristics that are important
in these cases where public participation has succeeded in
influencing the regulatory process. including community
cohesion and mobilisation, and external political linkages
(mainly to local government authorities through personal
connections).

Even in the Giap Lai case, it is clear that the community
has been active and lodged complaints against the
company, and as a result some limited compensation was
paid out. However, with regards to issues ol major
environmental importance, that is the adequate and long-
term managemenlt ol the mine’s waste products, this public
pressure was not sufficient Lo prompt the company to take
appropriate action. Neither was funds deposited for post-
closure rehabilitation. in spite of the existence of such a
regulatory requirement. O 'Rourke (2004) suggests that
when a Vietnamese firm has a direct linkage to the state
through ownership. this may increase its ability to resist
community pressure and the firm thereby not be forced
into compliance. Further, the lack of international
investments in the Vietnamese mining sector, has meanl
that the local industry has not become exposed to, and
learned [rom, the significant improvements ol environ-
mental performance in mining operations that have
been achieved in recent years (c.f. Warhurst and Bridge,
1996; Hilson and Murck, 2000). 1t is suggested that these
facts, coupled with the general finding that mining
companies that are not forced to plan for closure. usually
do not have sufficient funds available for remediation once
a mine is due for closure, are the important reasons for the
lack of enforcement of environmental regulations at the
Giap Lai mine.

5. Conclusion

Sulphide-rich tailings and waste rock in the Giap Lai
mining area represent significant sources of ARD. The
ARD thus formed is causing clevated metal levels in
downstream water bodies, which, in turn. constitute 2
threat to both human health and aquatic ecosystems, It is
shown that metal concentrations in impacted surface
waters have increased after mine closure, suggesting that
impacts are becoming progressively more serious.

No post-closure. remediation measures have been
applied at the Giap Lai mine, in spite of the existence of
environmental legislation and both central and regional
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institutions charged with supervision and control. The
rescarch presenied here provides [urther emphasis for the
recommendation that. while government institutions may
need to be strengthened. and environmental resulations
need to be in place, true on the ground improvement in
environmental quality in Vietham and in many other
developing countries require an increased focus on
promoting public awareness and participation in industrial
environmental issues.
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Abstract

This study estimated the potential effects of pesticide drift on terrestrial ecosystems outside target areas, for the Dutch situation. A
series of field trials was conducted to estimate the effects of drift on different species groups at different distances from a treated plot for
different categories of pesticide: herbicides, fungicides and insecticides. Measurements of the pesticide drift deposition resulting from
standard agricultural practice were used to model deposition outside the treated arca. These data were then combined with national
statistics on cropland and pesticide use to assess the ecological effects of pesticide drift for the Netherlands as u whole, Three scenarios
were considered: the recent past (1998), the present (2005) and an optimised scenario based on ‘hest available practice’ (2010). In the
recent past the impact of herbicide drift on sensitive life stages non-target vascular plants is estimated (o have exceeded the 50% effect
level on 59% of adjacent linear landscape elements such as ditch banks and hedgerows. For the impact of insecticides and fungicides an
non-target insects and fungi this 50% effect figure was 29% and 28% of linear clements, respectively. In the present situation, with
(narrow) unsprayed buffer zones and other measures in place, these percentages are down to 41% for herbicides, 21% for insecticides
and 14% for fungicides. In the optimised scenario, with a greater buffer width of 2.25m for potatoes (compared to 1.50 m in 2005) and
1 m for other crops (compared to 0.25 and 0.5 m in 2005) and *best available practice’, these percentages can be cul to zero. In natural
areas located within farming regions the 10% effect level can be reduced from 31% of such areas (1998) to 0% under conditions of “hest
available prelctice’.

1 2007 Elsevier Lid. All rights rescrved.
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1, Introduction

[n the Netherlands. annual agricultural pesticide usage in
3003 stands at about 9.6 x 10°kg active substance (a.s.)
(CBS (Statistics Netherlands), 2005a). or an average of
1.8 kg as./yr/ha of agricultural land (pastureland ex-
cluded). Compared to other European countries this figure
is very high: in 2002 mean European usage stood at about
3.5kg as./haly (as derived from ECPA, 2003 and FAO
data). This high per hectare usage is due to the high
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E-miail addreyses: Trank.dejongaorivimanl (F MW, de Jong),
stoncemlleidenUniv.nl (G.R. de Snoo), jan vandezandeiewur.nl
(1.C. van de Zande).
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intensity of land use in the Netherlands in combinalion
with climatic conditions, which necessitale intensive
fungicide use in potatoes and fruit, and to the considerable
area devoted lo non-food crops such as flower bulbs and
greenhouse horticultural produce. likewise associated with
relatively high pesticide usage (De Jong et al., 2001).

A certain fraction of the pesticides used on farmland is
dispersed to the surrounding environment (atmosphere.
surface walters, soil and ground water). Calculations
indicate that in the case of arable land this fraction may
be up to 9.5% (De Nie, 2002). The other 90% lands on the
crop or on the soil within the cropped area. A major
proportion (on average 95% of 9.5%) of the airhorne
pesticides enters the atmosphere as a resull of drift or
volatilisation. As a result of this dispersion pesticides are
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found in a// environmental compartments outside treated
areas. Concentration measurements in surface walers
throughout the Netherlands indicate that. for all categories
of pesticide. ecological standards (Maximum Permissible
Concentration), defined as the level at which the No
Observable Effect Concentration (NOEC) is not exceeded
for 05% of species; method by Van Straalen and Denne-
man (1989) adapted by Aldenberg and Slob (1991) are
exceeded at over 40% of sampling points (CIW, 2002,
www . pesticidesatlas.nl. see: De Snoo et al.. 2005a). In
agricultural areas, many pesticides are regularly observed
in rainwater (Van Dijk and Guicherit, 1999). Pesticides
have also infiltrated into the ground water (Notenboom et
al., 1999). For the soil itsell no quantitative information is
available.

Given that pesticides are dispersed Lo non-target areas in
excess of ecological standards, the question arises: what are
the effects on biodiversity adjacent to treated lands? In a
number of studies effects of pesticide drift on single species
have been observed in bioassays (Boatman et al., 1999:
Cooke, 1993: Freemark and Boutin. 1995: Marrs and
Frost. 1997). Indication of the situation in the Netherlands
has already been gained (rom semi-field and bioassay
studies (Brock et al.. 2000a, b: De Jong and Bergema, 1994;
De Jong, 2001). which yielded clear proof of effects on
individual species under experimental field conditions. A
second indication is provided by the case of a particular
herbicide used to protect wheat against dicotyledonous
weeds, where the number of dicotyledonous species on the
ditch banks bordering the treated plot was significantly
lower than adjacent to the same field with an intervening
unsprayed buffer zone 3-6m wide (De Snoo and Van der
Poll, 1999). This kind of information is based on specific
case studies, however, and a comprehensive review ol the
full range and magnitude of side-effects is therefore
lacking.

In 1991, a pesticide policy plan was adopted in the
Netherlands (MIP-G, 1991), the main aim of which was to
reduce pesticide use by 50% in the year 2000 compared to
average usage over 1984-1988 (21 x 10°kga.s., 23kga.s./
ha). With emission abatement measures also being taken,
emissions to the environment were in fact expected to
decline by substantially more than 50%. In 2000, this
reduction in usage had indeed been achieved. mainly
through major cuts in the use of fumigant soil disinfectants.
As these latter compounds yield no droplet drift, though.
overall pesticide droplet drift has hardly diminished. In
2000, a supplementary policy was therefore instigated
aiming to reduce drift by means of such measures as
compulsory adoption of unsprayed, crop-free field margins
and use of low-drift nozzles (Lozingenbesluit. 2000). In
2004, aims have been defined in the Policy Note “Sustain-
able Crop Protection™. The main environmental aim of this
note is a reduction of the environmental impact of 95% in
2010 compared to 1998.

Dutch policy in this field focuses mainly on the potential
effects of pesticide drift on the aquatic environment, i.c.

ditches and groundwater. In the most intensively cropped
area of the Netherlands (defined as the area with > S0,
arable land/km) the total length of dilches is about
33,000 km, ie. Skm of ditch per km* (LKN, 1897). There
is far less focus on the terrestrial environment. however.
and there is still no clear picture of the actual side-elfects of
pesticide drifl on terrestrial oreanisms. Diteh banks. with
their often relatively high biodiversity. clearly extend twice
the length of the ditches, giving 66.000 km of ditch banks in
all. and a significant number of these border spraved
cropland. In addition. there are about 1000km of hedge-
rows in the same intensively cropped area (LKN, 1007,
combined with “Topl0" vector file data from the Duich
Topographic Service).

In Europe the main emphasis is also on the aguatic
environment. For instance the FOCUS working group on
Landscape and Mitigation Factors in Bcological Risk
Assessment provides guidance for mitigation measures in
the aquatic environment.

This article seeks to provide an estimate of the type and
extent of potential side-effects of pesticide drift on
terrestrial habitats in the Netherlands. The starting point
is field data on pesticide drifl, combined with field data on
the effects of drilt on biodiversity obtained using bioassays.
These data are subsequently combined and extrapolated
for the whole of the Netherlands for three scenarios:
‘normal agricultural practice” for the recent past (1998), the
present (2005) and the near future (2010). An cstimate of
effects in the near future has been included to provide an
indication of the kind of improvements to be achieved
through use ol “best available techniques’.

2. Methods

The research was essentially conducted in four steps: (i)
estimation of drift deposition adjacent to a treated field: (ii)
estimation ol cffects of drift deposition on biota; (iii)
modelling of the distance-effect relationship: and (iv)
extrapolation of the results to the Netherlands as a whole.

2.1, Drift scenarios

Three drift scenarios were analysed: (i) the recent past
(1998): (ii) the present (2005) and the near future (2010),
The equipment used and the different bulfer zones are
summarised in Table 1. In all cases the ‘standard’
conditions were: wind speed 3-4m/s, boom height 50 ¢m
above crop. nozzle type XR 110.04, ‘medium’ spray quality
(Southcombe et al., 1997) and spray volume 300 Itha.

Using measured pesticide deposition data for the
Netherlands as reported by WUR-PRI (Porskamp et al..
1995: Van de Zande et al, 2000a,b) average drift
deposition of both vapour and droplets was calculated at
various distances from the treated crop. These data are
based on tests, performed in a potato crop, with a bare soil
surface or a low (grassy or herbaceous) vegetation adjacent
to the plot. A model has been constructed for the
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Tahle 1

b

Specification of the three scenarios (Seurces: Lozingenbesluit, 2000; DLV Agricultural Advice Service, 2000)

Equipment Buller zone polatoes

Bulfer zone wheat Bulter zone other crops

1908 Nozzle type XR 110.04
Medium spruy quality
Southcombe ei al. (1997)

75cm erop free

62.5cm between last nozzle

and ficld edge

2003 Nozzle type DG LG4
Coarse spray quality
Southcombe et al, (1997)

[50cm erop free

[37.3em between last nozzle

and field edge

2010 Nozzle tvpe DG 110,04
Coarse spray quality
Souwtheombe et al, (1997)
Alr-assistant spraving
(Hardy Twin)

225em crop free

and feld edge

212.3¢em berween last nozzie

Oem crop free tcm crop lree

Sthem between nozzle and
field edpe

25 em belween neszle and
field edge
25em crop free Sem erop free

TSem hetween last nozzle
and field edge

S0cm between last nozzle
and field edge
100 em crop (ree 100 em erop (ree

125 em between last nozele
and field cdpe

125 cm between lust nozzle
and field edge

ditchbank,
verge or
hedge row

—

Fig. 1. Distance hetween crop edge and nozzle (x) and crop free buffer
wone (),

relationship between distance from treated fields and
deposition of pesticides. To this end we used a power
model of the form y=a(x+¢)™" (Ganzelmeier et al..
[995). where v is the deposition as a percentage of
maximum field dose. x is the distance from the last sprayer
nozzle. ¢ ig the distance between the last nozzle and the field
edge. and g and # are constants (see Fig. 1). For these two
constants a best-it method was adopted. With this
equation. at the field edge x = Om and ¢ = the buffer zone
width.

The 2005 scenario is based on the Lozingenbesluit
(2000). and for the optimised scenario (2010) we took a
buffer zone of 2.25 m (three rows)'in potatoes and 1.00m in
other crops. combined with low-drilt nozzles and air-
assisted spray equipment. This combination of spraying
equipment and butfer zone was included to show what can
in principle be achieved using the current ‘best available
tcchniqucs".

In considering the various linear landscape elements
bordering arable land (sce Section 2.3), there was a4 need to
distinguish between road verges and hedgerows on the
one hand and ditch banks on the other. In the case of
ditch banks only the terrestrial part was considered (above
mean water level). As banks may be rather steep, how-
ever. the associated pattern of deposition may be quite

different to that on horizontal habitats such as verges
or hedgerows. where the sume amount of deposition
falls on a greater surface arca. For this reason two di-
fferent models were used: for ditch banks and for other
linear elements. To estimate spray drift deposition on
ditch banks. data were taken from Porskamp et al
(1995). who measured the drift deposition occurring
across a ditch, on both the banks and the water surface.
The fraction of spray drift deposited on ditch banks and
water compared with horizontal ground at the same
distances from the crop was caleulated for a ‘medium’
spray quality nozzle and a sprayer boom height of 0.7 m.
These (ractions were used to caleulate spray drift deposi-
tion in ditches [rom the 1998. 2005 and 2010 drift curves.
From these data again a model was constructed for the
relationship between distance from treated plot and
pesticide deposition.

2.2, Effects measured in bioassays

In a number of field experiments on an experimental plot
the effects of pesticide drilt on biota were measured using
bioassays (see Table 2). The design and results of these tests
are described in detail in De Jong and Van der Nagel
(1994); De Jong (1998): De Jong and Udo de Haes (2001)
and De Jong (2001). Using the average results per pesticide
category (herbicides, insecticides and fungicides), models
were developed deseribing the relationship between deposi-
tion and eflect. During these studies droplet drift was
measured. However. using water-sensitive paper, elfects

‘were sometimes found at distances at which no droplet

deposition was measured. rendering it plausible that parts
of the drift (very small droplets and/or vapour) were missed
by measuring only droplet deposition. Deposition data
derived from the Plant Research International. Wagenin-
gen Univerity Research (WUR-PRI) were therefore used
for the correlation between deposition and eftect. In thig
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Table 2
Reyiew of experimentyl datu used Lo establish the drift-efTecl relationship

Pesticide Organism

No. ol experiments

Effect parameter

Herbicidey

Glyphosate Brassica napus. Poa anna 2
Bentazone Brassicd napus |
Diyuitl Brassica napus I
Insecticies

Diflubenzuron Pieris brassicue 2
Fungicides

Caplan Micro-organisms I

Growth inhibition of 14-day-old
Plants over a F-week period

Mortulity of 48-h-old caterpillars up 1o emergence

Numiber of colonics on agir over a 3-day period

case the standard situation lor potatoes in 1998 was used.
Asg comparable spray techniques were used in both
cxperiments, the spray drift deposition and biological
efficacy relation could be matched.

2.3. Prediction of effects

The described models were combined, allowing us to
predict the effeets occurring at different distances from the
treated areas both with and without drift-reducing
measures. Two types of terrestrial habilal were considered:
(1) the most common linear landscape elements bordering
directly on arable [fields: ditch banks. verges and hedge-
rows, and (ii) natural areas. bordering directly on arable
ficlds.

Sub (i) In the Netherlands ditch banks and road verges
are mowed once or twice yearly, to keep vegetation low.
Today. management is geared increasingly towards im-
proving species richness, by removing the mown swath
and preventing exposure to fertilisers, among other
means. Hedgerows vary considerably in composition and
often contain tree species as well as shrubs and lower
herbaceous wvegetation (Schmitz, 1993). With respect
Lo dimensions. a standard ditch bank of 2.1 m and a ditch
of Im width were assumed, leading to a total lensth
of 5.2m along the ditch prefile and a total horizontal
width of 4m (ef. Huijsmans et al., 1997), In arable farm-
ing areas ficlds are generally bordered by small roads
with relatively narrow verges about 2m wide, The mean
width ol these roads was estimated to be Sm. Hedgerows
have an estimated width of 3m (ef. LKN, 1997) and are
assumed to be situated directly adjacent to the sprayed
ficlds,

Sub (11) To obtain an idea of pesticide impacts on natural
arcas al greater distances [rom treated plots national
pesticide emission data were used (De Nie. 2002). giving a
figure ol .19 for the proportion of arable farmland
bordering on natural areas. As a rough approximation.
then, we can assume that 123.000 x 0.19 = 23.370km of
arable field margins border on a natural area (see below
for calculation of length ol arable field borders). In
practice, however, there will at least be a ditch between

the field and the natural area. giving a greater distance,
here taken to be 4m.

2.4. Extrapolation to the national level

In the previous step the relationship between distance
from treated field and pesticide effects on non-turget
organisms was estimated and modelled. To extrapolate
these local effects to the Netherlands as a whole. a
distinction was made between type and magnitude of
effects. To estimate the fype of effects. an estimate was
made of the kind ol ecosvstems generally bordering on
sprayed farmland. To estimate the aggregate length of
these borders, calculations ran as follows. [gnoring
pastureland, almost 90% of Dutch farmland is de-
voted to arable farming (excluding e.g. green-houses).
The size of the average field (apart from maize) on these
arable farms is 7.5 ha (CBS (Statistics Netherlands). 1997):
assuming average dimensions of 250 x 300 m. each ficld
then has a perimeter of 1100 m. Since maize is the crop
grown on the greatest proportion of Dutch farmland
(224,486 ha in 2004; CBS. 2005a). 1t was considered
separately. In contrast to other arable crops, maize is
grown mainly for silage led to livestock. On these farms the
average field area is smaller. an average maize field
measuring 5.4ha (CBS, 1997); taking dimensions of
200 x 270m gives a perimeter of 940m. For the country
as 4 whole this means a total length of 123,000 km arable
field borders.

CBS statistics show that in 2000 insecticides are used on
43% of arable fields, fungicides on 56% and herbicides on
92% (CBS (Statistics Netherlands), 2003b). This means
that herbicide dispersal may potentially affect plants in
almost the entire farming area of the Netherlands. with
dispersal of insecticides and fungicides affecting inverte-
brates and fungi in about half that area. Combining these
data with the distances at which effects were predicted, the
total area affected was then estimated for the three
SCenarios.

The scenarios were compared for the pestieides use in
1998, This means that the outcomes only show (he effects
of the measures considered in the scenarios. The actual
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100
— 1898 y=9.761(x+0.625)*-1.307

- = - 2005 y=5.839(x+1.3751 486

— - 2010i y=1.620(x+2.125)"1.668

Spray deposition (%)

a
T
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10 12 T4 18 18
Distance from field edge (m)

Fig. 2. Resulls of spray drilt deposition measurements and additional
modelling, for potatoes, witheut a ditch (sanrces: Porskamp et al., 1995:
Yan de Zande et al.. 20004, b),

100,00 4—
- 1908: y=7.761(x+0.625)-1.389
——— 2005 y=3 868(x+1.357)~1.415
10.00 | 2010: y=1.088(x+2 21571804
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Distance from fisid 2dge (m)

Fig. 3. Dirift deposition scenarins. based on measurements und additional
modelling, with a diteh; the lines deseribe deposition on ditch and dich
banks only (Sources: Porskamp et al., 1995: Van de Zande et al., 20004, b).

eatent of the cffeets can deviate from the predictions in the
scenarios due to changes in pesticide.

3. Results
3. Drift Scenarioy

Figs. 2 and 3 show the empirical relationship between
pesticide deposition and distance from field edge for a
potato erop, with and without an adjacent ditch. The
formulae describing the relationship are given in Table 3.

For deposition along a sprayed field in the situation without
a diteh (Fig. 2) data were available for both the standard
(1998) and the 2005 and 2010 scenarios and these data were
modelled. The formulae thus derived are representative for
potatoes. For other crops similar formulae were derived by
substituting smaller buffer zones in the formulae (see Table 3).

The models for drift deposition on the ditch banks.
derived from the data of Porskamp et al. (1993), are shown
m Fig. 3. As different buffer zones are prescribed for

)
12
o

Table 3
Models used to simulate drift deposition in the situation with and without
a ditch
Without ditch Deposition on diteh banks
Potitoes 1998y =9.26(x+0.625) " p=776(x 625N
2005 p=>584cc+ 1,375 p=387(x+ 1375
2010 y= L63(x+2.125) 107y — 109+ 2,125~
Wheat 1998 ¥ =9.26(x+ 02571y = 776(x+ 025"
2005 3= S584xH050" p=387(x+ 0507
2010 p=1.63x+125 """ p=L09x+1.25" "
Other eraps 1998 p=926(x+0.50) "*'  p=7.78(x+0.50)"""

= I = i () RS i %)
2005 p= 584075 p =387 +0.757 1
- o T . v ()
2000 p=163(x+1.25 " p=109(x+1.25
| # Fingl — Model Fungl Caterpiliars Mmumx;pm-u & Plants — — Madel Plants|
100 ) oA ——————————m
Plants F!°01(1+1n|rt0rxll.5?llUGf!ll !.HI} 0 o " — - L]
90 | caterp, y=100/(141pi0 00NN DERILIT, P
oo | Fungl y=100i1+1gi OSBRI, 4
20 ‘e
70 s
C e /
g ¥ s
5 50 ; /
& g
W40 of fa
30 / i
s
20 o
10 B
[ %
R — ¢ Y
0,01 a1 1 10 100

Depaosition (% of field dose)

Fig. 4. Relationship between deposition of herbicides. insecticides and
fungicides and effects on, respectively. plants, caterpillars and (unzi
(wourees: De Jong and Van der Nagel, 1994; De Jong, 1998: De Jong, Z001;
De Jong and Udo de Haes, 2001).

potatoes. wheal and other crops. three different models
were used, as summarised in Table 3.

3.2, Effects measured in bivassays

Fig. 4 summarises the results of bioassay experimenis. As
described in the section methed, the models of Table 3 were
used for the calculation of the deposition at different distances.

In Fig. 4 the effects on plants are percentage growth
inhibition, effects on fungi are reduction in number of
colonies on agar and effects on caterpillars are mortality.
These dilferences in effect parameter partly explain the
dilferences between the plots. Effects on plant growth are
relatively higher at low concentrations and relatively lower
at high concentrations than in the case of caterpillar
mortality. For all three types of effect. EC'5, is between
0.9% and 1.5% of the maximum ficld dose.

3.3 Prediction of effects

In the next step the correlation between distance and
deposition was substituted into the deposition model.
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Fig. 5 shows the situation for 1998 without a ditch, lor
example. Similar figures were prepared for the two other
Seenarios (2005 and 2010) and the other crops.

From Fig. 5 (and the formulae) the distances at which
given effects occur can now be derived. These results are
summarised in Table 4.

As mentioned, the buffer zones and therefore models for
potatoes, wheat and other crops differ. Separate area
figures were therefore needed for the respective crops: from
national farming statistics we took a split of 20% potatoes
and 24% wheat and 56% other crops (CBS. 2003a). The

[—Plants Caterpillars — —Fung|

100 3
e Tl Plants y=100/(1+104({LOG(1.37)-LOG(9.26*x*-1.11)|"0.87])
04 =i, U Caterp. y=100/(1+107({LOG(0.85}-LOG(9.26"%"1.31)) 2.60))
% \ Fungl y=1000{1410%({LOG(1.52}-LOG(9.26"x"-1.31))"2.44])
&0
70 - \ )
i
2 0 v\
E 50 - \ \
VN
B 4 Vo
"\
] \
i A \
20 v
\
10 k"
5 "
0 . B Y “"-——'_ =
A 1 10 100 1000

Distance to fleld edge (m)

Fig. 5. Effects on plants. caterpillars and fungi combined with drift for the
1998 situation without a diteh.

figures and Table 4 reflect the fact that there is relatively
less deposition on ditch banks because the same amount of
drift is spread over a sloping area. The table shows Lhal
drift-reducing measures clearly reduce the distance at
which a given percentage elfect is observed.

3.4, Exmrapolation to the national level

We here distinguish two categories of habitat; linear
elements bordering directly on the treated fields (ditches,
verges and I1edger0wsf and natural areas generally
separated from fields by a linear element.

3.4.1. Linear elementys

Since a field is a geographically separate unit. each field
is bordered by ditch banks. verges or hedgerows. Data
from LKN (a database with information on a km” basis.
LKN, 1997) show that in arable land the ratio between
ditch banks. verges and hedgerows is 66:33:1. Applying
these ratios to the lotal length of field perimeter:
123,000 km (see Methods) gives 81,000 km of ditch banks,
40,500 km of verges and 1200km of hedgerows bordering
on intensively cropped fields. Table 5 shows the length of
linear elements potentially exposed to the different groups
of pesticides. These data were calculated by multiplying the
length of the linear clements with the percentage of
pesticides used, e.g. on 92% ol the adjacent arable field

Tuble 4

Calculated distances (Edist.) from field edge at which there is a 90%. 50% and 10", effect in the three scenarios for plants, caterpillars and fungi. with and
without a ditchi— = no effeet found adjacent to treated field

Scenario Plauts Caterpillars Fungi

Edist90 (m) Edist50 (m) Edist10 {m) Edist90 {m)

Edist50 (m) Edistl) (m) Edist90 (m) Edist50 (i) Edist O (m)

Withouwt diveh

1998 0.8 5.0 223 2.8 3.5 1.4 1.3 30 6.4
2005 0.2 24 10.6 1.2 2P 5.2 0.4 1.4 3z
2010 — 0.1 2.7 = 0.1 0y - — 0.3
With diteh (estimate of Edist. on ditch banks)

1998 0.7 3.9 >32 22 =52 1.0 24 5.0
2005 1§ =82 0.8 2.0 4.2 0.2 0.9 24
10 - 1:5 — 0.4 - —
Table 3

Length (in km) of linear elements potentially alfected by pesticide use (herbicides. insecticides und fungicides): only elentents directly adjacent to fields were
included (thus ignoring the ditch bank or verge on the other side of the ditch or road)

Total length alongside
arable helds in the
Netherlands

elements in the NL

2art of total length of

Length affecred (10° km)

(10" km) () Herbicides Insecticides Fungicides
Ditch banks §1.2 24 74.7 34.9 43.3
Verges 406 25 373 174 227
Hedgerows L2 7 1.1 0:5 0.7
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of the 81.2 % 10°km of ditch banks result in a potentially
74.7 x 10" km of ditch banks affected.

The mean dimensions of ditches and ditch banks were
assumed to be 1 and 2.1 m. respectively. In arable farming
areas fields are generally bordered by small roads with
relatively narrow verges about 2m wide. The mean width
ol these roads was estimated to be 3 m. Hedgerows havean
estimated width of 3m (cf. LKN, 1997).

Multiplying the pesticide effect distances (Table 4) by the
length of adjacent habitats (Table 5) yields the total
pesticide-affected area for the three different effect levels:
the results are shown in Table 6. As an example.
74.7 % 107 km ditch banks, potentially affected by herbi-
cides (Table 5) were multiplied by the 0.7 m effect distance
for 90% effect for herbicides in 1998 (Table 4). resulting in
the 4975ha of ditchbanks affected (differences due to
rounded figures in Tables 4 and 5). When the distance at
which effects were lound exceeded the width of the element
in question, the element width was used to calculate the
affected area. In the case of insecticides and hedgerows. for
instance, in 1998 the 10% and 50% effect ranges were in
excess of 3m. the maximum width of the hedgerows.
Therelore, in this case the maximum possible area of 158 ha

Tuble 6

Area and percentage ol linear elements in {farming regions with > [0%
arable land potentially affected by pesticide use: 10%. 30% and 90%
mndicate the percentage effecl estimated

Ditch banks. Herbicides Insecticides Fungicides
ha %  ha Y% ha Yo
1998 90" 4975 15 7330 21 4636 14
% 21.658 64 11,170 33 9548 2R
100 31368 92 14.6n1 43 18,168 53
il

2003 90 % 72 § 2731 i 831
% TATs 38 6926 20 405K 12
100 31,368 92 L1730 23 H348 28

20100 90% ] ] 0 0 0 0
0% ] ] 1] ] i} ]
1O 11,219 33 1326 4 0 4]

Verges

199% 905 3134 19 3491 21 2914 18
S004, a6 46 1401 2] 4546 2R
0% 14937 92 HIR1 43 4546 28

2003 Q0% 4] g 2175 13 95l 6
S0 7468 46 349 2] 3130 19
W% 14937 92 T 3491 21 4546 28

2010 a0Y, ] { 1] ) ] ]
5004 0 0 245 2 0 0
10 (] 1] 1517 ] 042 4

Hedgerows

1608 00%a 05 26 146 40 88 24
0% 339 92 158 43 200 36
0% 339 92 [ 58 43 206 36

anns 0n; 22 f 66 1% 29 8
0% 275 74 143 39 95  BS
10% 339 42 158 43 206 56

W10 onos, 0 0 ] 0 0 0
50%0 0 0 7 2 ] 0

10% { {) 46 12 19

in

was within effect range, leading to the same value for the
two effect levels.

For the percentage ol areas of linear elements alffected
we related the areas affected to the linear elements in those
square kilometre grid cells with over 10% arable land. This
selection meant that a total of 17,000 km® were accounted
for (~40% of the Netherlands). For the Netherlands as a
whole the percentages are lower and of course cannot be
higher than the figures cited in Table 5.

The main overall conclusion [rom Table 6 is that
herbicides have the greatest ecological mmpact. This was
indeed to be expected, as herbicides are used on 92% of
arable fields. In the 1998 scenario the ECs, for herbicides is
exceeded in about hall the ditch banks and verges. while lor
hedgerows the figure is even higher: over 90%. The figures
are lower lor insecticides and fungicides. mainly because
they are used relatively less. and are estimated at 33% and
28% of ditch banks and 21% and 28% of verges.
respectively, for the two groups ol compound. For hedge-
rows these figures are higher: 43% flor insecticides and 56%
for fungicides.

In the present situation (20035) the results of the drift-
reducing measures already in place are plain to see. bul
pesticide effects are still clearly present. This can be
explained by the fact that although effect distances are
reduced (see Table 4) most adjacent linear elements are still
within the effect range.

With ‘best available techniques’ (2010) a very clear
improvement was found: severe effects of 90% are now
absent altogether. while the 50% cffect level is exceeded
only for insecticides, on a limited area (up to 2%). The
10% effect level is exceeded for herbicides over a
considerable area (up to 33% in the case of ditch banks).
To provide a compact overview. the data for the different
linear elements are summed in Table 7, aggregating the
different linear elements. As can be seen, although pesticide
effects on adjacent habitats are down in the 2005 scenario.

Table 7

Summarised effects of pesticide use on adjacent lincar lindscape clements,
expressed as percentage of linear element ared in farming regions for the
three scenanos

Seenario Y of linear elements affected
90Y% elfect S0% effect 10% effect

Herbivides

1998 16 59 g2
2005 2z 41 92
2010 0 ] 22
Insectivides

1998 22 29 43
2005 10 21 29
2010 0 { t
Fungicides

1998 |5 28 435
2005 4 14 28
2010 0 {) |
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Tabhle ¥
Natural aren affected (10% effcet) by pesticide use. in hectires and as a
percentage relative 1o the total extent of natural area in farming regions

Herbicides Insecticides Fungicides

T i ha Yo la Y
1908 30,244 31 Ad3 | 5 41 32
2005 14,190 I 1206 [ 0 ]
2010 1] 1] ] { {0 4]

they are still present, while the optimised scenario for 2010
shows that considerable additional reductions can be
achieved using best available techniques.

J.4.2. Nutwral areas

As shown in Section 2.3, 23.370km of arable field
marging horder on a natural area. On this basis. Table §
shows the extent of natural arca estimated 1o be affected by
pesticide drift. In this table only the 10% effect level is
shown. on the reasoning that in natural areas any
ecological effects are undesirable. The percentages shown
are relative to the total extent of natural area in regions
with over 10% arable land (128,000 ha. LKN, 1997). As an
example. for the herbicides in 1998, the effect distance for
10% effect is 22.3m (Table 4). Assuming that a 4 m ditch
will be present between the treated parcels and the nature
area, the distance alfected within the nature area is 22.3-4
is 18.3m. This figure is multiplied with the length of the
border with the nature areas (23.370 and the percentage at
which herbicides are used (92%). resulting in 39.346 ha
potentially affected. For an indication of the percentage
alfected this area was related to the surface of the nature
areas adjacent to the treated parcels, for this example
resulling in 39.346/128,000 = 31%.

In the 1998 scenario 10% effects are found in natural
areas at levels of up to 31% [or herbicides. Now the 2005
scenario is already characterised by markedly less impact,
because a distance of 4m between field and natural area
was assumed and here the distance at which effects are
observed is generally less than 4m. In the optimised
scenario for 2010 the 10% effect level is no longer exceeded
anywhere.

4. Discussion

The scenarios presented in this paper compare the effects
of drifl-reducing measures on the pesticides used in 1998.
In the paper it was not accounted for changes in use.
available pesticides, partly because these data are not
available for the 2010 scenario. and partly because we
aimed to show the elfects of the measures apart from other
changes. This means that the absolute data can deviate
from the data presented in this paper.

The aim of this research was 1o estimate the extent of
Severe impacts on sensitive life-stages of organisms in

habitats close (o pesticide-treated arable land, effects
confirmed in earlier bioassay studies (Cooke, 1003), Other
studies have shown that leaving the outer part of the crop
unsprayed increases the number of plant species found in
the boundary vegetation (Fischer and Milberg. 1007; De
Snoo and Van der Poll, 1999). In several European
countries an overall decline in natural values in agricultural
areas has been reported, A number ol factors have heen
implicated in this decline, including nitrification. desicca-
tion due to lowered water tables and habitat destruction.
but the role of pesticides has never been guantified.
Perhaps remarkably, though. there is very little feld
evidence of effects actually occurring. In broad terms, this
could be for two reasons: the effects are there but good
field studies are lacking; or the effects are absent because
models are overestimating them.

One possible explanation is that ecosystems close (0
arable fields contain relatively few species, which are well
adapted, robust and have a high capacity for recovery.
Other activities like ditch cleaning, mowing, ploughing and
manure application will certainly also play a role. In the
case of plants, u ficld study has shown that clear shorl-term
effects are observed at very low pesticide dosages, but that
these effects do nol have any long-term impact at
community level (De Snoo et al., 2005b),

Another possible explanation is that effects were over-
estimated in our study. based as it was on modelling and a
number of assumptions. the principal of which will now be
discussed.

The first set of assumptions concern estimated pesticide
drift. Here, reported British and Dutch data are of the
same order of magnitude (Cooke, 1993). The Dutch data
have been validated several times and are specific to the
Dutch situation, morcover. Our calculations of mean drift
took into account average weather conditions, spray
volume, tractor driving speed and distance between spray
boom and crop. Although these [actors may vary
considerably at the local level, use of the mean will not
lead to overestimation of overall effects. An important
remaining source of variation is sprayer nozzle type.
Cerfain nozzle designs cause from 2.5 less to 10 times
more drift than the standard nozzle assumed for the year
2005 (derived from Van de Zande et al.. 2000a). In practice,
then. local effects may be considerably more or less severe
than those presented here. However, at the national level
we assume the approach adopted here is more reliable.
Variation can also be caused by lubel instructions.
concerning measures (or specitic applications. For different
compounds different label instructions concerning drift-
reducing measures can occur for different applications.

Another important source of variation are the effect
parameters chosen. In the present study we focused on
effects on sensitive life-stages of sensitive organisms for the
pesticide in question. For each pesticide a wide range of
organisms will be potentially affected and these will exhibit
negligible up to extreme sensitivity to the compound in
question (cf. Davis et al., 1991; Fletcher et al.. 1990).



FEM W, de Jong et al. } Jownal of Environmental Management 86 (2008 ) 721730 729

Bearing in mind the many different types of pesticides in
use (in the Netherlands 224 different active ingredients in
2006), some of them sometimes applied in combination as
well as repeatedly within a given season (in the case of
certain fungicides. 10-15 times) and the wide variety of
non-target organisms. we can assume that the situation
presented here is on the precautionary side but is still
representative for a significant number ol species, 1t is also
noteworthy that the ECs; values found for the specific
species considered lie within a range of 0.9-1.5% of the
maximum ficld dose. or between 4 and 8 nt from the treated
plot (1998 scenario, no ditch). In terms of the distances at
which effects are observed and predicted. these results are
in line with other. bioassay studies that measured the
effects of pesticide drift (e.g. Cooke, 1993; Marrs and
Frost. 1997).

A third source of uncertainty is the estimation ol areas of

lincar and natural clements. In the former case an average
figure was taken for element width, in the full knowledge
that local differences may be substantial. However, these
differences work both ways. In some cases the road or ditch
will be narrower than the average value taken and the
opposite ditch bank or verge will lie in the effect range. but
the opposite may also hold. Again this source of variation
may be of major influence at the local level. but at the
national level it will not lead to any overall over- or
underestimation. Another important factor is that only
part ol the adjacent landscape elements or natural areas
will in fact be downwind of the field at the time of spraying,
and so our estimates of the area alfected are probably too
high. On the other hand. multiple treatments were omitted
from the calculations, and wind direction may well vary
(rom treatment Lo treatment and multiple treatments may
lead to repeated exposure.

Further validation is required on all these aspects and
there is certainly due scope [or refining our models. Also an
uncertainty analyses ol a number of data as discussed
above. is recommended in a next stage of this research.
However. the aim of this study has been to integrate drift

data with effect data, to provide a first-pass impression of

the type and extent of the effects concerned.

Although the assumptions and sources of uncertainty
discussed above are certainly no reason to reject the general
outcome ol this study, due care should still be taken in
using the results. which still need to be validated in the
field.

5. Conclusions

In the recent past (1998) herbicide use exceeded the 50%
effect level on sensitive life stages ol non-target plants on
39% of the area occupied by linear landscape elements
adiacent to Duteh farmland. For insecticides the percen-
tage arca affected was 29% (14.819 ha) and for fungicides
0804 (14,300 ha). As the various categories of pesticide are
not necessarily applied on the same fields. the lotal
percentage arca affected may well have exceeded 59%. In

the case of insecticides there was even 90% effect on 22%
of these linear elements (10,967 ha). In previous decades
these percentages were probably higher still, given heavicr
pesticide use and less concern (o reduce drift,

In 2005 the 50% effect level was still being excecded on
41% of these adjacent linear elements in the case of
herbicides. Although drift had been reduced through use of
low-drift nozzles. adjacent hedgerows. ditches and verges
were still within effect range. For insecticides the percen-
tage allected was down to 21% for this 30% effcct level
(10.560 ha). but 10% of the linear elements wete still within
the 90% effect range (4972 ha).

I' low-drift nozzles and air-assisted equipment are
combined with broader unspraved buffer zones. as
assumed for the near [uture. pesticide impacts will be
substantially reduced below the 1% effect level.

[n 1998, 31% of natural areas lying in farming regions
were allected by herbicides to at least the 10% effect level
(39.346 ha). Policies now in place have reduced this figure
to 11% (14.190 ha) and in the optimised scenario for 2010
the 10% effect level is no longer exceeded for any of the
compounds.

Introduction of unsprayed buffer zones in the Nether-
lands in 2005 has already clearly reduced pesticide impacts
on linear landscape elements adjacent to cropland. The
main benefits are short range, though. and measures to
reduce the amount ol drilt itsell (low-drifl nozzles, air-
assisted spraying) will be beneficial over the longer range,
too,

Even with the drift-reducing policies recently introduced
in the Netherlands. it is sull anticipated that linear
landscape elements and natural areas will be adversely
affected. Only with stricter measures in place, as scheduled
for the near [uture, will the elTects of pestcide drift outside
sprayed areas be significantly reduced.
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Abstract

The study investigated the response of surface water quality to urbanization in Xian. China. We qualitatively described the change in
urban land use from 1996 to 2003, analyzed the status of the surface water environment. and constructed a model of urban expunsion to
simulate the water environment's response to urbanization. Our results revealed thal patiterns of land vse changed dramatically. the rate
of economic growth exceeded that of urbanization during the study period, and increasing urban land use was correlated with
Auctuations in water quality. The simulated results suggested that urbanization had reached the environmental carrying capacity based

on the average land utility and the marginal costs of pollution.
i 2007 Elsevier Ltd. All rights reserved.
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1. Infroduction

The most mntensive interactions between human beings
and the environment take place in cities and surrounding
areas. Land use and changes mn land cover affect the
functions and processes of the ecological landscape (Hietel
¢t al.. 2004). Urbanization changes the land use. while at the
same time bringing about increasing environmental loads
created by expanding use of energy and resources and
increasing impacts on human health and the ecosystem.
Lirhan sprawl is a key environmental issue that must be
monitored and predicted if we pursue sustainable develop-
ment. Study of the causes, processes, and consequences of
land-use change 18 4 major research topic in landscape
ecology (Wu and Hobbs, 2002). An ecology perspective for
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urban ecosystems is both appropriate and imperative (Sheryl
and Wu, 2004). Studies on the impacts of urbanization on
environmental systems typically correlale changes in envir-
onmental systems with simple aggregate measures of
urbanization (Alberti. 2003). Study ol water quality in urban
areas revealed different behaviours (Yoshimura et al., 2005:
Chang. 2005; Mvungi et al., 2003). For example, although
Japanese rivers are still heavily impacted by canalization, loss
of most dynamic flood plains, flow regulation, invasion by
exolic species. and intensive urbanization. river water quality
has improved remarkably during the past decades through
major restoration initiatives to improve ecological integrity
of river ecosystems (Yoshimura et al.. 2005). In South Korea,
waler quality dramatically declined in the middie section of
the Han River where the river receives inputs (rom polluted
tributaries (Chang, 2003). In Harare City. Zimbabwe, water
quality in a tributary of the Marimba River. Harare
deteriorated due to home industries and led to urgent
demands for urban walter management (Mvyungi et al., 2003),

In recent vears, rapid economic growth in the eity of
Xi’an, China has been accompanied by rapid urbanization.
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The gross domestic product (GDP) of Xi'an was 8.95
hillion LISD (American dollars) m 2001, which is equiva-
lent to 1297 USD per capita. dnd the GDP is expected to
grow to 14.3 bilhon USD by 2005. Since 1996, the urban
ared has expanded by 90.05km” (at a rate of 6.4% per
year), from 166.4km” in 1996 1o 256.45km’ in 2003
Simultancously. the urban population increased [rom 2.3
million (37.3% ol the local total) in 1990 to 3,12 million
(42.6%) in 2003 (Xian Statistical Yearbook. 2003).
However, the urhan and rural ecological environments
have both been deteriorating. During this rapid urbanizu-
tion, surface water pollution has become a serious issue, [t
18 mportant to analyze the impacts of urban expansion on
surface water quality and changes in land use in Xian so
we ean propose strategies that will permit sustamable
regional deyelopment and protection of the ecological
environment. This present study represents a preliminary
investigation ol the relatonships between urbanization
and surface waler quality in Xi'an. We began with an
examination of the rate of urbanization and the changes in
land use within Xi'an between 1996 and 2003, We then
analyzed the relationship between surface water quality

and urbanization. Fimally, we constructed a model of

urban expansion Lo simulate and predict the environmental
carrying capacity (the maximum or optimum amount
required o support a healthy ecological environment and
socioeconomic communily) in Xi'an,

2. Study area

Xian is the capital of Shaanxi Province and 1s one of
northwestern China’s key ecities (rom the perspective of
politics, the econemy, and culture, It lies in the centre ol the
Guanzhong Plain (107 40'E- 109 49'E. and 33 39'N-34 44N,
withm the larger Wethe Plain). bounded by the Qinling
Mountains in the south and the Loess Pluteuu in the north.
X1an has 14 administrative districts and counties. The most
urbanized regions have a total area of 363.66 km™. Bagino.
Beilin. the hi-tech zone, Lianhu, Weiyang, Xinchen, and
Yanta represenl the main part of the urban area. Around
thege urban areas lie Changan and Lintong, two regions that
are vigerously developing their potential and showing strong
urban-rural interactions. The Guoling, Huxiun. Lantian.
Yanlhang. Chanean, and Zhouzhi areas surround Xitan and
have predominantly rural characteristics (Fig. 1),

The river networks of Xitun consist ol nine main rivers,
mcluding the Weihe River, Jinghe River. Tianyu River.
Chanhe River. Bahe River, Fenghe River. Yuhe River.
Zhaohe River, Heihe River (Fig. 1). These rivers provide
the industrial and residential water supply for Xi'an. All
rivers belong o the lower Weihe River drainage system,
but maost riverchannely are hundreds of kilometres long
and run through forested hilly land to a considerable
distance from the city. This creates certain difficulties in
evaluating the surface water quality of the Lotal watershed
from the viewpoint of urbanization. To study the response
ol surtace water qualily Lo urbanization, we selected 21

observation sites that covered these rivers from npstream
to downstream within the arca of Xi'dn Cily.

3. Materials and methods
3.1, Data collection

To identify dynamic chunges in the landscape thut
oceurred between 1996 and 2003, we determined chanoeg in
land use from remote-sensing sutellite images, We chose the
twa LANDSATS TM satellite images with the best quality
during this period (26 May 1996 and 29 May 2003; orbil
127/36). and combined this information with a map of the
area’s land types at a scale of 1:550 000 and a 30-m spatial
resolution digital elevation model (DEM, serving as 4
superimposed layer with satellite images [or lund use cover
change inlerpretation) provided by the Institute of Remole
Sensing Application of the Chinese Academy of Sciences.

Data from our 21 river observation siles covered the
abovementioned nine rivers. Sampling sites were selected
along the middle ol the Wethe River (sites 2, 3, 7. and 8;
sites 66. 67, and 68). the Chanhe River (sites 11, 12 and 7).
the Bahe River (sites 20, 21, 24, and 29). the Fenghe River
(sites 31, 34, and 36). the Yuhe River (sites 41, 44, and 47),
and the Zhaohe River (sites 53, 57. and 59). We obtained
water quality data for parameters such as chemical oxygen
demund (COD). biological oxveen demand (BOIDS).
KMnO. volatile hydroxybenzenes. and total phosphorus
which were collecled twice monthly during 1996 and 2003
from the Xiun Municipality Bureau ol Environment
Protection (Xi'un Municipality Bureau ol Environment
Protection. 2003). Water quality samples were measured by
the standard analytical method for surface water quality
provided by the China State Environmental Protection
Administration  (Environmental Standards Tor Surfuce
Water. [9RR). Water samphngs were compared (o the
vilues of the environmental quality standards for surface
waler (GB3838-88) issued by the China State Environ-
mental Protection Administration (Environmental Stan-
dards for Surface Water, 1988). We used monthly mean
precipitation data provided by Xitan Municipality Bureau
of Meteorology
natural environmental change and surface water guality in
Xiun. We obtained statistical sociocconomic data for Xi'an
from the Xi'an Yeuarbook (Xiran Statistical Yearbook,
2003) to allow us to discuss the roles of human activitics in
the process of urban expansion.
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320 Chanyes in land use and GDP

Using the two abovementioned LANDSATS TM satel-
lite images. we mapped land use in 996 and 2003 using the
Normalized Difference of Barren Index (NDBI) and an
artificial neural network (ANN) (Rumelhart and MceClel-
land. 1986). After pre-processing the imuge data (ortho-

graphic  correction  und  aimospherie  correction),  we
processed the spatial data on urban expansion as follows.
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Fig. |. Sketch map of study area: river network-and water quality sampling sites in-and around Xi'an.

First, we used NDBI (Zha et al.. 2003) to identify the urban
boundaries at different times. NDBI is calculated as (band
5—band 4)/(band 5+ band 4). We then mapped land use in
1996 and 2003 using an ANN to adjust the weight of the
multiple-layer perception in the Land Use Cover Change
(LUCC) classification of satellite images (Rumelhart and
MeClelland, 1986; Wu and Martin, 2002). By mapping land
use in 1996 and 2003, we provided the inputs for the ANN
used in this study based on the six bands of the TM image.
AS a resull, there are six nodes in the input layer and we
only employed one hidden layer in the neural network.
Since land use was classified into six tvpes (such as urban,
rural, farmland, vegetation, water, and uncultivated),
there were also six output layer nodes. Based on these
parameters, we processed the 1996 and 2003 images using
the BP neural network method (Rumelhart and MeClel-
land, 1986). Spatially explicit models of land-use change
focus on the rate of change between two or more classes, the
locations of changes to one or more classes, or the rates and
locations of changes between Llwo or more classes (Turner,
1987: Lopez ct al., 2001). As a result, a Markov Chain
transition matrix can be used to analyze the relationships
between these changes. The Markov Chain methods give
the prulmbih'iy that a process al time ¢ will be in state k.
given that at time /—1, the process was in state si. That is

(1)

ProblX, = au| X,y = ).

This model predicts the estimated change in land use
from non-urban to urban, which typically represents an
impervious surface that cannot absorb water (Cathlin,
1999),

[t is interesting to study the economic parameter referred
to as “land utility” during the process of urbanization
(Brown. 2003). Land utility is usually defined as uscfulness
of land quality in land-use type evaluation. Land capacity
analysis (Manasquan River Watershed Management
Group, 1999) focuses mostly on the attributes of the land
and its potential uses. In the present paper. we have defined
land capacity as the optimum amount of land 1o support a
healthy ecological and socio-economic community. defined
land utility ‘as its usefulness for ccological and human
activities, and calculated the usefulness as a dollar value in
market. We introduced a land utility mdex (LLI) to
represent the value of land for different combinations of
land types. LUI is calculated as follows:

(2)

LUl = i‘P,—X,-.

=]

Here. X; (USD) is the utility of land type i in any year, and
P; 1s the weight of land type 7. We assume that the
maximum value of LUI corresponds to the optimized value
of land utility. We completed the overall data processing
using the analytic hierarchy process (AHP). This analysis
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used the expert-consulting graded approach (Mustala and
Al-Bahar. 1991) 1o calculate land utility.

We used a regression model to investigate the association
between the level of urbanization (urban population
divided by total population) and GDP, and to evaluate
the socioeconomic development ol Xi'an. Since total

population appears in the denominator of both level of

urbanization and GDP, we took steps to avoid the problem
of spurious correlation. Namely. we used urban population
as the response variable (V). and total population (x,) and
GDP(x7) as predictor variables. In this manner. entering
GDP into the regression equation that already has total
population in it will vield measures of association (partial
correlation coefficient and partial regression coefficient)
between urban population and GDP. while still accounting
for total pepulation,

3.3, Surface water quality evaluation

Many case studies have shown that urban expansion
often leads to problems with surface water quality.
Although various parameters have been used to monilor
surface water quality, it is difficult to evaluate river
pollution using only specific parameters (Mvungi et al.,
2003: Nafo and Geiger. 2004). In the present study, we
combined our monitoring data for many parameters to
produce a Comprehensive Pollution Index (CPI) and
Pollution Load (PL). CPI is defined as (ollows:

Pollutant load:

n
PL, =13 Pl

"o
=l

I n m
= K= ( N Bl / ZPI,.-) 100%.
K;= (Pl,. / ZPI_,) 100% = =

(3)
Gl
c i Cyr = Crower fimits
fin
| € = Crnedian| : \ ~ ;

PL}- = - it c Tower limit S Cim <€ upper limil+

|Cupprr timit — Crower Ii]rm|

(-I.l'mui. = (‘f P 4

ir Cr’m L= Cu'[.\pcr ltmuts

Cimax — Ciig
(4)

where 7 is the evaluated parameter. jis the gauge code, n is
the total number of parameters evaluated, C; 1s the mean
value of'item i, (), is the value of evaluated item i specified
in the water quality standard, Ci,. 18 the maximum value
of item 7, PI;, is pollution index of item 7 in gauge j. PI; is
pollution index of all evaluated items in gauge /, and K 1s
pollution load of gauge /.

The pollutant complex pollution index (PCPI) is defined
as the comprehensive pollution index of one pollutant at
one sample site or in one river, and the river comprehensive
pollution index (RCPI) is the comprehensive pollution
index of all pollutants at one sample site or in one niver,

We calculated the cost of water pollution (WPC) under
two situations. WPC represents the water pollution
treatment costs under a fixed level of pollution treatment
technology. whereas WPC’ represents water pollution costs
under a gradually improving technology that results from
socioeconomic development. As a result. the rate of srowth
of WPC is greater than that of WPC', Il T3 is the pollution
treatment cost that results from gradual innovations in
treatment technology:

WPC' = [(WPC + T5) (5)

Spearman’s rank correlation test (Thomas, 2001) is a
distribution-free test that determines whether there is a
monotonic relation between two variables (X, ¥) and offers
a good way to study trends in surface water quality for
urban rivers based on the CPI parameter deseribed above.
A monotonic relation exists when any increase in one
variable is invariably associated with an increase or
decrease in the other variable. In equation form. for the
pairs (X, ¥)) and (X5, Ya) if An> X, then Y=z T for a
monotonic increase; if X; =X, then ¥,< V¥, for a mono-
tonic decrease. Spearman’s rank correlation coefficient is
defined as follows:

N

Ro=1- 6 d;

i=l

[Ns— Nldi = X; - ¥, (6)

where. , represents the algebraic difference belween
variables X" and Y. X} represents the increase in pollutant
concentration, Y; represents the time sequence. and W,
represents the critical value and should be indexcd from a
statistical table of Spearman rank correlation coefficients.
If R,= I, then R, represents a distinctive shift, and when
R, has a negative value, this means a decreasing trend.

3.4. Model construction: average land wtility vs. marginal
water pollution costs

Urban models are often developed to explain and
simulate urban dynamics (Allen et al., 1984: Batty, 1971;
Johnston and Barra, 2000: Robert and Tomas., 2000;
Stephan et al., 2005; Irene et al.. 2003; Pacione, 2003;
Brown, 2003: Wegener. 1994). These models focus
separately on the socioeconomic and environmental
behaviors during urban expansion, and fail to provide an
integrated ecological view of urban ¢xpansion. Therelore,
we developed our own model of urban environmental
change for the Xi'an City Development Scheme. In the
present study, we constructed a mathematical model
to guantify the responses of surface water guality to
urbanization,

According to social welfare maximization theory (Negisihi,
1960). “social wellare™ refers to the overall utilitarian state of
society. and is defined as the sum of the welfare of each
individual in the society. Welfare can be adequately measured
in monetary terms. The social welfare function is a function
of individual welfare. and can be defined as the expression of
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the ohjectives of a society. For example:
H_)z )_rl + }J: + + }/”1

where 718 the social welfare and Y, the income of the nth
mdividual in a seciety. In this example, maximizing the social
welfare function means maximizing the total income of the
people i the society, without regard to how incomes are
distributed in society (Negisihi, 1960). However, according to
social welfare maximization theory. welfare is maximized
when those society members who had the least utility reach
the greatest utility. No economic activity will increase social
wellare unless it improves the position of the poorest society
member. Average utility (AV) is the average total income of
all individuals. The marginal cost (MC) defines the increase in
cost per each unit increase in consumption. and is expressed
as the first derivative of the input equation. and represents the
consumption of input required to generate additional income.
The basic wellare economics problem is to find the point of
intersection (also called the “critical point™) between average
utility and marginal cost, and to define the theoretical
maximum flor the social wellare [unction subject o various
constraints such as the state of production technology and
the available natural resources,

Accordingly, we defined the maximum social welfare as
the point where the average land utility (AV (LU). the
average total USD of a combination of different land-use
types) equals the marginal water pollution cost (M (WPC).
the increase in USD cost of water pollution per unit GDP
increase), and cquilibrium is reached. As M (WPC) is an
inereasing function, and AV (LU) is a decreasing function,
then AV (LU) should exceed M (WPC) cost before the
two reach their point of intersection, and environmental
guality should remain healthy. After this critical point.
urbanization will ecreate increasingly negative values
of soeial welfare and will deteriorate surface water
quality. We should stop urbun expansion before this
critical point is reached, but to do so, we must first
iry to locate the balance pomi. In theory. we could
rationalize the critical point according to optimized
schemes for Xi'an urban development. We could then
compare the real value at any point in time with the value
at the critical point. The first step in such an analysis
18 to establish a muathematical relationship between land
utility (LU) and the land utility index (LUI) and another
relationship between GDP loss (GDPL) and M (WPC).
Here, LUI/LLU 18 regarded as the average utility. The
derivative of GDPL with respect to water pollution cost
(WPC) equals the marginal cost.

Likewise, we can calculate LU under two conditions. In
the first condition, LU represents the land utility under the
ageumption of fixed technologies for a given level of GDP
whereas in the second, LU’ represents the land utility under
the assumption of gradual improvements in technologies
for a given level ol GDP that result from socioeconomic
development. Therefore, the values of LU are lower than
those of LU If T} represents the land utility elfect that
results from improvements in technologies for a given level

of GDP, then:
LU =f@U+ Ty). (7

As described above, we assume that LU is a function of
different land types (LUCC) and that WPC, which reflects
the status of surface water quality, is a function of the
treatment costs lor the various river pollutants. Thus:

LU =f(LUC,, LUG;,...,LUC,), (8)

WEC = f(Pollu;, Pollus,...,Pollu,). (9)

In order to evaluate the social welfare provided by
urbanization from the perspective of environmentally
sustainable development, we introduce the concept of
Green GDP (GGDP). Although specialists hold different
opinions on just what GGDP represents, it can simply be
considered an adjustment of traditional GDP that sub-
tracts resource and environmental costs [rom the sum ol all
economic activities that are included in GDP (World
Bank, 1997). Indeterminate factors such as pollution may
be aggravated or ameliorated by natural influences and
can complicate the caleulation of GGDP. We recognize
that improvement of the surface water environment is
achieved not only by water treatment technology and
technologies for a given level of GDP, but alse by policy
and public awareness. We integrated these factors, as
well as potential unexpected pollution events and other
factors related to water quality improvement. in our
calculation of GDPL. We have tried to quantify these
factors as accurately as possible to permit the use of GGDP
in our study (Hotelling: 1932). Suppose that GGDP cun be
expressed as follows;

GGDP = GDP — H — E;, — Cp.

where H represents Hotelling rents for depleted resources,
E, is expenditures on pollution controls. and Cyy 18 the
(external) costs from pollution and environmental degra-
dation

For the convenience ol model construction. we have
defined GDP as the total of GGDP and GDPL, where
GDPL represents the treatment costs for surface water
pollution in the analysis described in the present study.
Thus:

GGDP = GDP — GDPL,

GDPL = f(WPC), (19)

LU = f(LUI).

WPC = f(LUI). (1)

The equilibrium between the land utility and the marginal

WPC occurs at the intersection between these (wo
functions (i.e., at the critical point):
FSLUD  8f(WPC) aWPC
— = —d
LUI aWPC aLUlL (12)

WPC = f(LUI).
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4. Resulis

4.1 Land use changed dramatically and land capacity
improved stowly during urbanization

One of the most impressive characteristics ol urbaniza-
tion is the resulting change in spatial patterns (Charbon-
neau et al., 1993; Treitz et al.. [992). To ensure the
authenticity ol the urban boundary. we used NDBI (o
extract the urban boundary of Xi'an using the LANDSAT
images. We coded regions with NDBI values between
—(.44 and 0.10 (i.e.. non-urban areas) in black. and coded
regions with values between —0.10 and 0.16 (i.e., urban

s

Uig, 2. Results of the NDBI classification of urban and non-urban area in

1996 and 2003.Large blocks of white pixels represent urban arcas. black
pixels represent non-urban areas, und scattered white pixels represent

urbanizing areas that exhibit rural-urban interactions

Journal of Environmental Managenent 86 (2008) 731740

areas) in white. The resulting land-use maps processed
using the BP neural network method are shown in Fig. 2,
which depicts the urban and non-urban areas in the Xian
municipal region in 1996 and 2003. In these images, large
white blocks represent the main urban areas, and smaller
white spots represent urbanizing areas. Conversely. large
black blocks represent non-urban areas, most of which
were found in rural and mountainous regions. By analyzing
the urban boundaries of Xi'an in 1996 and 2003, it is clear
that Xi'an has undergone rapid urban expansion. To reflect
the urban-rural interaetion process based on LUCC in
Xi'an, we classified land-use types as six types, such as
urban, rural. larmland, vegetation, water, and unculti-
vated. Table 1 and Fig. 3 show the results of the
classification. It can be seen that the areas classificd as
urban increased greatly, whereas the area of uncultivated
and rural land decreased rtapidly. The construction of
urban infrastructure increased by 90.05km?, while vegeta-
tion. farmland. water. uncultivated and rural decreased by
4.26, 18.45, 0.05, 40.14, and 27.21 km°, respectively. From
1996 to 2003, the urban area expansion from 166.4 to
256.45km” represented an average growth rate of 6.4% per
year.

Table 2 presents the actual Markov transition matrix
for land-use changes based on the classification results in
Table 1. From 1996 to 2003. subtracting the area of
unchanged land (the sum of diagonal values in the table,
212.74km") from the total area (363.66 kmj} gives a lotal
area of 150.92km” that transitioned from one land use to
another. During 1996-2003, urban areas had the largest area
(153.62km°, the first number in Table 2), and had the
smallest possibility of transition (1.00—0.92 = 0.08). This
result suggests that urban land was the dominant type of
land use during the urbanization process. The Markov
transition matrix displayed interaclive transition behaviours
(that is. the transition possibility between one land use and
another was affected by the transition probability to a
second land use) among the types of land use. As expected.
the model showed both increases in some land-use types and
decreases in others during the process of urbanization of
the urban area. 102.37km” were created by transitions
from rural (38.49 I(m:}. uncultivated (29.24 kmj). farmland

Iable |

Land-use change classification of satellite images of Xi'an in 1996 and
9] ~

2003

Land vse type 1996 2003

Area (km”)  Pereent of
the total

Ared (km®)  Percent of
the totail

Urban 166.40 46 25645 70
Vegetation 41.08 I 3662 10
Farmland 4121 12 23,74 7
Waler 272 | 2.67 1
Uneultivated 48.42 13 5.258 2
Rural 63,13 17 35.92 ]

36306 100

Fatal 163.96 100
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Fig. 3. Results of classification of sutellite images of land use in the Xi'an arew in 1996 and 2003

(23.77Knt). vegetation (10.38km”). and water (0.49 km™).
and 12.3km’ were transited into the five other land-use
types). The most conspicuous expansions ol urbanization
ogeurred in the northern part ol the city (Weiyang District)
and the southern part of the city (Yanta District and
Changan District). By comparisen. there was relatively little
change in the ecastern and western parts of the city. The
urhan expangion in the northern and southern parts of Xi'an
resulted from the creation ol the Xi'an High Technology
Industry Zone and the Xi'an Economy & Technology
Development Zone. respectively. In these iwo regions.
Infrastructure assoctated with large-scale construction per-

mitted rapid urban expansion in these development zones.
Cultivated land decreased rapidly in extenl, and was largely
replaced by this urban infrastructure. Some urbun arcas
transitioned into areas of vegetation (4.21 km?), farmland
(3.81 km®). water (0.22km>), and cultivated (0.2km% and
rural (3.86 km“) land. Urban areas planted new x-'cg_c:l:ll:'nn
and created new bodies of water as city lakes. and were
replaced by rural land, farmland, and uncultivated land
along rivers in flooded areas. Theoretical Markov transition
matrix (maltrix based on Markov transition theory) repre-
sents relationships between land-use changes. These values
were statistically independent. and integrated the trangition
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Tuble 2

Markov transition matrix for land-use change in Xi%an from 1996 to 2003: values in parentheses represent transition probabilities [rom the land use in the
1906 column to the land use in 2003 (units: km:}

2003 1906
Urban Vegetution Farmland Water Unenltyaied Rural
1996 Urban 153,62 (0.92) 4.21 (0.03) 3.81 (0.02) 0.22 (0.001) 0.2 (0.001) 3.86 (0.02) 165.02 (1)
Vepetation 10.38 (0.25) 24.61 (0.60) 2.18 (0.03) .32 (0.008) (.13 (0.003) 373 (0.09) 41.35(1)
Farmband 23,77 (0.56) 1.27 (0.03) 1217 (0.29) 0.26 (0.006) 016 (0.004) 458 (0171 42,21 (1)
Waler 0.49 (0.18) 0.64 (0.24) 0.06 (0.02) 1.3 (0.48) 0.08 (0.03) 0.15 (0.06) 2.72(1)
Uncultivated 20.24 ((1.6) 3,88 (0.08) 1.73 (0.04) 0,45 (0.009) 3,76 40.12) 783 (0.16) 48,91 (1)
Rural 35849 (0.61) 1.49 (0.02) 4.45 (0.07) 0.37 (0.006) 2.47 (0.04) 1528 (0.24) 62.55 (1)
2003 256,45 36.82 2376 267 8.28 1502
Theoretical transition 0,62 .04 0.08 0.03 0,09 0.14 163,66

probability

The diggonal transition probabilities less than 1.0 indicate that an area of one land-use type.in 1996 was not 100%, likely to remain in that land-use type in
2003 the remmning transition probabilities in that row represent the probabilities of transition into other land-use types. Theoretical transitivi

probabilities represent the likelihood of change 1o the specified land-use type.

probabilities among different land-use tvpes in different
years, This matrix presents the trend in the distribution of
land-use types under the driving forces responsible for
urbanization from 1996 te 2003. Land-use types with higher
values represent a stronger trend towards transition (o these
land types. It was clear that the trend towards urbanization
was strongest during this period.

Land capacity analysis showed that the environmental
carrying capacity for a combination of different Jand use
types improved slowly from 1996 to 2003. According to the
municipal government’s 20-year socioeconomic develop-
ment plan (2000-2020), Xi’an plans to become an
ecologically urbanized tourism city, Urban construction
will reach 780 km?, with the main urban area expanding to
660 km” and attaining a population of 7.6 million by 2021.
To caleulate land utility (LU) , we invited five experts
(three university researchers and two government officials)
to grade land use in Xi'an at 3-year intervals from 1991
to 2021 on the basis of the land’s potential carrying
capacity under the socioeconomic conditions expected to
oceur at that time. The experts graded the X7 values of each
land type and assigned weights of 0.40. 0.20, 0.15, 0.10,
0.10, and 0.05 to urban. plantation. orchard. woodland,
waler, and uncultivated land use, respectively. From this
process, we obtamed LUI values for each vear. These
values fell between 0 and 10. We assumed that the five
average LUI wvalues (one per expert) represented the
final results. Table 3 lists these values. The experts clearly
agreed that land utility was low during the 1990s, and
that land utility developed towards moderate levels
in the 2000s. However, the rate of increase in land utility
would not stop after 2015 under the current 20-vear plan,
and by the end of the 2020s. it would reach a relatively high
level. The increasing LUT values reflect the belief that land
utility would gradually increase from low levels toward
high levels during the process of ecologically inspired
urbanization,

4.2. GGDP growth increased more stowly than GDP
growth: urban expansion negatively effected the environment

Growth rates of factors such as GDP, of the structures
and economic products of various industrial sectors. and of
the urban and rura] populations offer significant evidence
of urbanization. The GDP of Xi’an was 8.95 billion USD
(1297 USD per capita) in 2001, and is expected 1o grow to
14.3 billion US Dollars in 2005. Table 3 presents the
changes in overall GDP, in the economic products for three
industrial sectors (agriculture, industry, and services). and
the investment in fixed assets (FAI) from 1994 to 2003, The
urban population increased from 2.3 million (37.3% of the
local total) in 1990 to 3.12 million (43.6%) in 2003 (Xi’an
Statistical Yearbook, 2003). Regression analysis revealed a
positive relationship (R® = 0.89) between urban population
as the response variable, and the total population{x) and
GDP (x,) as the two predictors of Xi'an:

=994y 4 660.36.x; — 1849.6. (13)

This equation shows that the rate of economic growth
exceeded the rate of urbanization.

The use of GGDP statistics, which include not only
capital produced by humans but also the costs imposed by
environmental and ecological factors, could pain{ @ more
comprehensive and realistic picture of the social economy
of an area that depends on natural capital. since environ-
mental pollution and ecological degradation can beth
decrease GDP. However. there are different methods to
calculate GGDP. The World Bank reported in 1997 that
China’s environmental losses had reached 3-8% of GDP,
which means that GGDP accounted for 92-97% of GDF
(World Bank. 1997). According to the Xi'an City Devel-
opment Plan. total GDP is expected to reach 69 billion

JSD by 2021 and this would occur with a population of
10.3 million in the city. which would cover an area of
780 km? at that time. Based on this information and the
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Table 3

739

Expert graduated LUL and urban development scheme expected GDP. GDPL; agriculture products, industry products, service products, and fixed assets

mvesiments for Xian from 1991 1o 2021

L LUl LUl LU LUI LLUI GDP GDPL GDPL+T AP P 3P Al
A B C 12 E
1091 29 13 14 3.6 36 14 2.56 0.22 0.17 == =
1904 3.9 4.3 44 4.6 4.5 4.3 3.54 (.43 0.2 0.39 136 1:59; 1.1
1993 - — — = - — 0.5 1.63 1.8% 1.2
1996 43 4.6 4.3 48 52 47 = — 0.57 202 237 13
1907 4.6 4.0 5.0 5.6 5.5 5.1 596 0.76 .28 .62 2.41 2.93 1.5
1994 o Ll L= — = - 0,63 2.63 315 1.5
1999 — = = = 0.56 3 144 24
2000 54 57 5.6 5.0 6 57 7.84 0.93 (134 0.55 345 364 2.8
2001 L5 o = = 0.56 3.98 4.4 3.5
2002 — = =5 —— — — (.6 4.5 4.8 4.1
003 54 6.0 6.2 6.3 6.4 6.1 11.46 1.3 0.49 0.6 545 5.41 5.9
2006 6.1 6.6 6.9 7.0 7.0 6.7 16.62 1.83 .68 =
2009 6.6 T4 7.3 7.7 7.8 7.4 25.39 2.66 0.99 — =L
2012 7.3 77 78 8.2 8.3 7.9 36.09 3.61 1.3 = =
015 8.2 4.5 8.6 8.7 8.7 8.5 4911 443 1.35 - — .
20008 8.4 9.1 9 g2 9.1 9.0 (1.29 3.93 1.68 — —
2021 8.9 9.2 9. 9.7 9.5 93 73.29 7.05 1.62 — = = —c

(Units of GDP. GDPL, A. I, S, FAL 10" USD).

LUI (A, B, €. D. and E) represent the land utility gruades assigned by Experts A, B. C. I and E. AP, IP, SP, und FAI represent agriculture product.
industry product. services product. and lixed assets investment, respectively.

environmental costs for pollution (reatment, potential
pollution events, and unexpected environmental hazards,
we calculated the GDPL and GGDP for Xi'an from [991
to 2021 (Table 3). Our statistics show that GDPL was 0.22
billion USD in 1991 but would reach 6.64 billion USD by
2021, and that GDPL increased more slowly than GDP.
This means that rapid urban expansion has negative effects
on the urban ecological environment,

4.3. Warer guality fluctuared temporally, and varied from
upstreann to downstrean

Considering the influence of the natural environment on
water pollution, we calculated correlation coefficients
hetween water pollutants and the amount of precipitation
and plotted pollution levels as a function of the level of
precipitation (Fig. 4). From 1996 to 2003, the correlation
between BODS and precipitation reached a maximum of
—0.97, and that between volatile hydroxybenzenes and
precipitation reached —0.96. This suggests that pollutant
concentrations measured in terms of BODS and volatile
hydroxybenzenes exhibited seasonal variation, and were
negatively correlated with precipitation (i.e.. levels ol these
pollutants were highest in the dry seasons). The correla-
tions between precipitation and the concentrations of other
pollutants were low. precipitation had little influence on
these concentralions. Precipitation varied seasonally, but
wastewater discharge did not. therefore surface water
quality deteriorated during the dry scasons. More and
more wastewaler has been discharged into nearby rivers,
and sediments accumulated in rivers and channels during
the dry scasons: therefore, when the rainy season arrives, a

larger quantity of pollutants is flushed into the rivers,
degrading water quality,

Based on our pollutant comprehensive pollution index
(PCPI, the comprehensive pollution index of one pollutant
at one sample site or in one river) and river comprehensive
pollution index (RCPI, the comprehensive pollution index
of all pollutants at one sample site or in one river), we were
able to use Spearman’s rank correlation test to evaluate the
status of surface water quality for Xi'an during 1996 and
2003 in comparison with the national standards (Table 4).
R, is the Spearman rank correlation coefficient. W, 18 he
critical value in testing R, against zero. Evaluation of trend
is based upon the strength of statistical significance of R..
A negative value shows improved water quality trend and a
positive value shows deteriorated water quality trend, and
a higher absolute value of R, shows a more distinct change
trend. Table 5 shows that from 1996 to 2003, discharges of
petroleum and lead pollutants decreased. volatile hydro-
xybenzenes increased. and the trends lor other pollutants
showed slight decreases, and that pollution levels in the
Xinhe River improved, that pollution levels in the Weihe
River. Chanhe River, Bahe River, Yuhe River, Zhaohe
River. Heihe River. Fenghe River and Laoche Riyer
improved slightly. but that levels in Linhe River deterio-
rated. From the table, we can scc that the pollution
situation has generally improved since 1996.

Although the PCPI of two specific pollutants (KMnO
and petroleum) increased from 1996 to 2002 (then decreased
in 2003 as the governmenlt took tougher measures to control
paper factlories and car washing), other pollutants decreased
steadily (Fig. 5). We ranked PCPI values from low to high
as: 2003 <2001 <2002 <2000<1996< 1997 <1998 <1999,
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Table 4

Environmental quality standard for surface witer (GB3838-88. GHZRBI-
1999, issued by China’s State Environmental Protection Administration)
{units: mg/l.)

Citegory I 1§ 11 IV v
Do = Saturated rate 90% (or 7.5) 6 3 3 2
KMnQ <« 2 4 [§ 10 15
COD < 13 15 20 3o 40
BOD3S < 3 3 4 6 10
NH.-N < (.15 0.3 1 5 2
By = 002 0.1 0.2 03 04
TN = 02 0.5 I .5 2
As < 005 (.05 hos O 0.1
He < 0L00005 000005 0.0001 0.001 0,001
Cd = 0001 0005 0.005  0.005 0,01
1 il < (.01 0.05 0.05 005 0.1
Ph =< 001 0.01 0.05 0,05 0.1
Cyanide < 0,005 0,03 002 B2 02
VH = 002 0002 0005 001 0.1
Petroleum < (1.05 .05 0.05 0.5 1

Codes 1, 11, L IV, and V represent very good, good, slightly poliuted,
polluted. and seriously polluted: DO, TP, TN and VH represent dissolved
oxveen total phosphorus: total nitrogen. and volatile hydroxybenzenes,

respectively,

Though PCPI values fluctuated between 1996 and 2003. the
general trend was towards improved waler quality after
1999 (Fig. 5).

levels of precipitation; May, June. Julv. August. and
are months with low levels of precipitation,

Tahle 5
Computed R, values of PCPL and RCPI for the rivers in Xi'an shown in
Fig. 2 from 1996 to 2003

PCPI R, PCPI R,
TSP 0.42 Cd .24
TH 0.54 Petroleum —1
KMnO .38 RCPI R,
BODS —{.48 Wi —h68
NIA —(.72 CR —{L72
NO7 0,45 BR .67
NO5 0.38 IR 013
VH | YR —0.32
Cyanide —{1.48 IR (82
Ar —{1.83 HR —.66
™ (13 LaoR —(.38
Cr' ~(),33 XR —0u
Lead —fl.Y LimR 0.19

TSP is total suspended particles, TH s total hardness, NIA is non-ionic
ammonia, NO7 is Nitrite nitrogen, NOs is Nitrate nitrogen. VH is volatile
hydroxybenzenes. and TM is total mercury. WR. CR. BR. FR, YR. ZR,
HR. LaoR. XR, and LinR represent Weitie River, Chanhe River, Bahe
River, Fenghe River, Yuhe River, Zhaohe River, Hethe River. Lache
River, Xinhe River, Linhe River, respectively.

A comparison of Fig. 6 with the sampling locations in
Fig. 1 shows that water quality in most rivers degraded
moving [(rom upstream to downstream.

Some other
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Fig. 5. The relationship between economic growth and PCPI of the main pollutants of rivers in Xi'an between 1996 and 2003.

relevant studies also showed similar findings. iLe.. that
waler quality in other rivers degraded moving from
upstream to downstream. such as Hun River in
South Korea (Chang, 2005) and Marimba River of
Iarare City, Zimbabwe (Mvungi et al, 2003). Of
the 2! sampling sites. the most seriously polluted sec-
tions of the river were sections 66, 68, 37, 67, 5, 17,
and 59. The most seriously polluted river was the
Zhaohe River. which has become an effluent channel.
followed by the Weihe River, Fenghe River, Chanhe
River. Bahe River. and Yuhe River. Fig. 6 shows that
RCPI for the Bahe River (sites 20, 21, 24, and 29) and
the Yuhe River (sites 41, 44. and 47) were low. but
that pollution levels increased in these rivers moving
downstream: this was also the case for the Chanhe
River (sites 11, 12, and 17) and the Zhaohe River (sites
53, 57, and 39). Along with the Weihe River and the
Fenghe River, the middle Wethe River (sites 2. 5, 7. and 8)
and the middle Fenghe River (sites 31. 34. and 36)
maintained high RCPI values. The Weihe River had the
highest mean RCPI value in general. which meant that
it was the most severely polluted ol these six rivers during
the study [Jericd.

4.4. Improper human activities contributed (o water
pollution, but the water enviromment improved gradually

Table 2 shows the theoretical values for the Markoy
transition probabilities for changes in land use in
Xi'an from 1996 to 2003. The trends in this table may
partially explain Xi'an surface water quality problems. In
particular, the rapid decline in land use classified as
uncultivated, rural, and vegetation, the high proportion
ol industrial land, and the lack ol green space may have
contributed to the rapidly deteriorating surface water
quality during this period. For example, as vegetation
declined. it was replaced by industrial or residential
lands, which generally have a much greater potential for
degrading surface water quality. Although farmland
decreased at a rate of 3x 10°m>yr~" (from 3.51 x 10" m*
in 1980 to 2.88 x 10" m" in 2001). the agricultural produc-
tion remained steady. To obtain equal production from
less land, more fertilizer and pesticides were used. and
the fertilizer application rate increased 12.53% from 1996
to 2003 (Xi'an Municipality Bureau of Environment
Protection, 2003). Hence. surface water pollution [rom
the agricultural sector increased. and this probably had
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Sampling sites were selected along

the middle Weihe River(sites 2,5,7 and 8;
sites 66,67, and 68);

Chanhe River{sites 11,12, and 17);

Bahe River{sites 20, 21, 24, and 29);
Fenghe River{sites 31, 24, and 36);
Yuhe River(sites 41, 44, and 47});
Zhache River(sites 53, 57, and 58).

Fig. 6, Variution in RCPI values for the main rivers that were sampled from 2001 to 2003,

negative effects on surface water quality, as was the case
for urban and residential land uses.

The distribution of industrial factories (such as Textile
Town and West Industry Town. Fig. 1) has had a large
impact on the quality of river water. Most of these factories
lie in the eastern and western parts of Xi‘an. The Chanhe
River (in the eastern part of the city) and the Zhaohe River
(in the west) are the two most seriously polluted rivers, with
organic pollutanis dominating the wastewaler. However.
water quality in the Chanhe River reached Category Il
(“good™ according to the GB 3838-88 standard. Govern-
ment of China 1988: Table 4) before it flowed north
through the Textile Town part of Xi'an (in the northern
part of Bagiao District), but deteriorated to Category IV
(“highly polluted™) by the time it had flowed out of the
Textile Town. Water pollutants were mainly sulfide,

ammonia nitrogen. nitrosamine, and volatile hydroxyben-
zenes. When the Bahe River flowed into the Chanhe River,
the water quality in the merged rivers improved rapidly and
reached Category | (“very good™). Water qualily in the
Zhaohe River degraded from Category Il (“slightly
polluted™) into Category V (“seriously polluted™) before
and after it flowed through the West Industry Town (in the
northern part of Weiyang District). In the upstream
portion of the Fenghe River, wastewater discharged by
the food service industry led to hish levels of pollution in
terms of BODS5. However, by the middle and lower reaches
of this river. COD and Mn pollution were most serious due
to excessive discharge of wastewater by the paper industry.

The increase in economic products from the industrial and
service sectors was accompanied by increased organic
pollution (Fig. 5), though wastewater discharge has generally
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Fig. 7. Anougl wastewater discharge in Xi'an (Sources data: Xitin
Statistical Yearbook),

remained constant or has decreased during the study period
(Fig. 7). Investigation showed that the COD and Cr
components accounted for 54000 tyr ' and were produced
by about 100 paper factories along the Laohe River, Xinhe
River, Zhaohe River, Fenghe River. Yuhe River. Heihe
River. and Gaohe River during 1996-2002 (Xi'an Statistical
Yearbook, 2003). The food service sector increased [rom
15295 restaurants in 1997 to 20554 in 1999, and the number
of employees increased from 71204 in 1997 to 103780 in
1899, Organic wastewater produced by these restaurants was
emitted direetly into effluent channels, where it flowed into
rivers without further treatment. Car washing was another
important non-point source of pollution (petroleum), since
about 400000 L of water are consumed in washing cars in
Xian every duay. Given the ongoing threat to economic
growth and human health posed by pollution of surface
water, the municipal government undertook tougher elTorts
to control this pollution after 1999, und issued a series of
laws to protect the city's surface water environment.
Industries that propose to discharge waste directly into the
rivers without further treatment must lirst apply for a waste
control permit. The government also promotes the develop-
ment of treatment plants by each industry. Most plants
followed waste control measures, but some have been
improperly managed. This may explain why discharges of
KMnO (discharged by paper [actories) and petroleum
(discharged by car washing) continued increasing from
1996 10 2002 and why wastewater was still discharged into
nearby rivers before being properly treated.

We collected surface water pollution costs from year-
books and statistical data for Xi'an from 1991 to 2003.
Based on the [uture sociocconomic development plan for
Xi'an from 2005 to 2021. we calculated the costs of surface
water pollution (Table 6). Rapid economic growth clearly
contributed to water pollution. As discharges from both
domestic and industrial effluents increased. clean water
became increasingly scurce. Constantly increasing socio-
economic actvity clearly influenced the natural environ-
ment. The development of urbanization, industry, and
agriculture has been accompanied by the production of
laree amounts of wastewater and pollution. both of which
determing the quality of rivers and lakes. Bodies of water

1
5.
ey

were influenced by the nutrients released from domestic
sources, the lfood sector, and light industry. as well as by
diffuse agricultural pollution.

From this analysis, we conclude that the accelerated
urbanization has clearly had a necgative elfect on the
ecological environment in Xi'an for a long time. However,
the quality of the surface waler is improving. and will
possibly reach equilibrium in the near future.

4.5. Model simulation: improved technologies will improve
the maxinum environmental carrying capacity

Xi'an is continuing to urbanize rapidly, and the city
governmenl has decided to expand the city o cover
780km> in the coming 15 years; moreover, the city
may continue to expand after that period. Therefore,
this urbanization will have even greater impacts on the
ecological environment. It is unlikely that Xian can
expand its urban scale indefinitely. so it i$ necessary to
evaluate the sustainability of this urbanization process. We
will discuss the impacts of urbanization on the carrving
capacity of Xi'an surface water environment in the next
section by discussing our urbanization model based on
social welfare maximization theory.

Urban growth models have been developed to explain
and simulate urban dvnamics, and play an instrumental
role in understanding the ecology of cities and their
spatiotemporal dynamics (Sheryl and Wu, 2004: Wu and
Marceau, 2002). Methods range from traditional macro-
simulation urban models to the rapidly developing ficld of
cellular automata (Clarke et al., 1996: Couclelis. 1985
1997: White et al.. 1997) and emerging agent-based models
(Franklin and Graesser, 1996). While models cannot fully
capture all of the intricacies of urban dynamics. they can
provide significant insights into general urban growth
trends. Despite their lmitations, models can still pravide
significant insights. We constructed a4 model to simulate the
carrying capacity of the ecological environment during
the urbamzation process. We have discussed aspeets of the
model-construction process in the text that introduces
and describes Egs. (2) through (5) and (7) through (12);
the data in Tables 3 and 6 can be used to construcl
a model that simulates the response of water quality to
urbanization.

We used data in Tables 3 and 6 Lo construct a quadratic
model for GDPL as a function of WPC, and for WPC as a
function of LUL

LU/LUT = f(LUI) = y; = —2.4x7 + 4395+ 12.7, (14)

GDPL = f(WPC) = y; = \% —4.8xr — 0606.8. (13)
Therefore:
; ; o : 579
JLUD _ 3f(WPC) awrC " e 127 Laze
L1 cWPC dLUl — ¢ X X
WPC = f(LUI) 1’ = 55x) —4.8
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Table 6

LU WPCAV(LU), and M{WPC) for Xi'an under the assumption of fixed technology (1) and developing technology (#2) from 1081 10 2021 ar Yyenr

mtervaks from 1991 w 2021

Yeur EL FILLT+ ) WPC FIWPC + 1] AV(LL) MIWPC) AVILU =) MW P+ 1)
182 074 | B0 12 b N4 2.7 80,4 77
1994 106 260 (.16 4.0 366 249.3 78.0 143
1907 1.34 20 0.17 36 35.3 25,0 77.3 I
2000 1,55 314 (.19 7.1 4.6 39.4 766 244
2003 .52 16 (1.2 8.1 320 123 740 213
201006 146 317 0.21 1.3 8.3 46:6 703 6
2009 |.39 i3 0.24 10.7 270 5.7 69.01 30.7
012 |7 348 (1.25 114 264 55.3 ) 684 403
M5 1:42 364 0.27 12.7 258 0.7 67.8 447
2018 155 372 .31 138 24.7 633 66,7 48,3
2021 1,76 367 (.24 (3.3 230 635 63,10 501§

{Units of LU wnd WPC are 10" USD).

LU WPC AVILU ) and MOWPC) represent land utility. water pollution cost. averige land utiity, and marginal water polluion costs.

On this basis, the critical point value is a LUI value ol 4.7:
this means that land utility and the cost of water pollution
reach a balunce state at this value for constant values of
technologies related to the domestic product and water
pollution treatment technology.

We can carry our analyses further as follows. First. we
must emphasize that this result is based on the assumption
that technological factors can be “reduced™ to simplify
our model by assuming that they are external variables in
this model. These lechnologies can also be considered
to be improving as a result of innovations for a given level
of GDP und water pollution treatment technologies.
Without considering improvements in teéchnologies for 4
given level of GDP. average land utility would increase as
the land area expanded and dilferent land-use types
recombined. Under these conditions, average land
atility would remain low because land values grow only
in response lo growth in urban land. In contrast. if
technologies for a given level of GDP are considered 1o
improve, average land utility will reach a higher level
(Figs. £ 10, 12, and 13). However, the situation [lor
M(WPC) 1s different. With innovation in pollution
treatment technologies, industries and households would
be able to employ new technologies to reduce pollution and
wastewater before these are discharged into the rivers.
Therefore. M(WPC) is higher with fixed pollution treat-
ment technologies than under improving technologies
(Figs. 9. 10, 12, and 13).

L Figs. 1113, we can see how the relationships between
the various lactors discussed above will determine the
balance point. As we discussed above. the marginal
pollution cost M(WPC) is delined as the derivative of
GDPL with respect to WPC. so average land utility equals
LUILU. Here. we have assumed that M(WPC) minus
AV(LU) equals [A(M—AV)| (Fig. 11).

Suppose that:

X=Xy —AX, X =X+ AX. (17)

400 ¢
350
M eiw n
30 F o miuw-T:
200+ s o
= [ aavieuw) =
=1s0
jap | KAVILUWITY /J—"‘l"r*_u"
s X X XX x x° X
i y A A A A A A A4 H,
0 2 4 6 ] 10

LU
LUW:land utility under fixed techrology
LUWST1: land ulility under improving technology
AV(LUW).average LUW under fixed lechnaology
AVILUWAT1): average LUW under improving technology

Fig, 8. Relationship belween LUI and LU, and between LU and

AV LU,

Ol -

300 -
= ® GDPL urder tised téchniyue
il 400 O GDPL wrider improving lechnigue
R T
g1 200 F
o M )
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WICHurg UsD)

Fig. 9. Relationship between GDPL and WPC

Therelore:
M(X )= M(Xy —AX)
M(X3)= M(Xy+ AX)
AV(X)) = AV(Xy—AX)
AN = 41X, +AX)
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[ IAM = AV)|, = |M(X)— AV(X)|

=21 | (18)
1{A(M AV)|, =

From Ay 0 Xy the difference between M(WPC) and
AV(LU) equals the social wellare. That is. A(M—-AV)), =
ALM—=AV); >0, This means that AV(LU) exceeds M(WPC).
but that the growth rate of AV(LU) decreases. Thus,
ALM—=AV), decreased during urbanization and might lead
to deteriorated water quality. At the critical point Xj,
MIWPBC) and AV(L.U) reach equilibrium and social welfare
reaches ity maximum valuc. and M(WPC) and AV(LU)
reach an equilibrium state at the maximum environmental
carrying capacity. After this point. urban expansion no
longer increases LU, When urbanization proceeds to point
Koo AAM—AV)s = A(M—AV) <0, social welfare decreases
(becomes negative) and M(WPC) exceeds LU. Therefore.
urban expansion has negative effects in general for the
relationship between LU and M(WPC), and this leads to
deterioration of water quality. Afier the critical point.
urbanization leads to degradation ol the ecological environ-
ment. We should stop urban expansion before 11 reaches this
point in the urbanization process. Our simulated results
show that urbanization in Xi'an reaches equilibrium when
LUT equals 4.7 (Fig. 13). Does this mean that urbanization
in Xi'an should have stopped before 19977 The answer is no.

o
. A WEC under (xed echnology A
& . ;
= O WPC ander improving lechnoloey
20
=
= 15 b
2ot
s
l} 1 1 1 ] J
{l 2 4 (i N I
L
Fig. 10, Relationship between LUT and WPC.

Average land utility
AN(LLDY

AVIXT=AVIXG= AX)
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M{WPC) or AV(LL)

M{X 1 =MIXOF AX)

|
[ AX
|-

| MEXM=AVXD )
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because we have not included the external variable of
technological change in this model. Doing so produces 4
different conclusion.

Technology is not constant, and we should include
technological change in our model of the urbanizalion
process. As we know [rom the previous discussion,
technologies for a given level of GDP (7)) and water
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Fig. 12, Analysis of technology-induced equilibrium between MWPC)
and AVILU), as a function of LUT 77, technologies lor a given level of
GODP ncluded: 720 water pollution treatment technologies included.
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Fig. 13 AVILU) and M(WPC) values Tor Xian as o function of LU
from 1991 to 2021 77. technologies related 1o domestic produet: 72, water
pollution treatment technologics.
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Fig. 1. Analysis of social welfare as a function of the balince between MIWPC) und AV(LU) as a function of LLI,
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treatment rechnologies (15) are external variables:

WPC = fIWPC + T2). (19)

LU =L T (20)
Therelore:

O(WPC + T1)
LU ) (21)

FOLU £ Ty F(WPC+ Ty)
== e
LU+7, &WPCH T2
WPC + Ty = (LUl + 1')).

Notice that equilibrium occurs at Xy Y. A5 and Xy in
Fig. 12.

Calculation of the maximum environmental carrying
capacity for Xian mostly depends on the external
variables 7' and T These variables determine at whal
LLIT value the bhalance stale 18 occurring, Data used
tor 7| and 75 were derived [rom GDP growth regressions.
We  further  discussed  different  conditions  through
models Tor GDPL as a Tunction of WPC. and lor WPC
as a function of LUL and data in Tables 3 and 6 were
used to caleulate the eritical points in the same ways as
Functions 14 16.

Without considering external technological variables
1y =15=0, AV(LLU) and M(WPC) reach equilibrium at
the eritical point Xy

AV(LU) = F(LUD/LUT  F(xy) Of(WPC) OWPC
M(WPC) = FOWPC) X, ewWPC  exy,
(22)

The maximum enyironmental carrying capacity for Xilan
occurred at an LUT of 4.7 around 1996 (Fig. 13).

However. il we allow improvements in lechnologies
for a given level of GDP and ignore water pollution
treatment technologies 7, =0, 7->=0. then the critical
point isal X:

CAV(LU) = F(LUT)/LUT F(X)) _Sf(WPC) awpC
M(WPC)= F(WPC)  — ~ X, _ eWpC X,

On this basis. the maximum environmental carrving
capacity for Xi'an will oceur at an LUT of $.4 in around
2015,

I we consider improving water pollution treatment
lechnologies but ignore technologies for a given level of
GDP. T, =0, T, = 0. then the critical point is at X

AVILUY) = F(LUD/LUT  prxy)  of(WPC)
M(WPC) = FIWPCY "X,  oiWwpC

b

WPC
axXs

(24)

On this basis, the maximum environmental carrving
capacity for Xitan would have oceurred at an LUI value
ol 6.3 around 2004

IF we inelude improvements in both eehnologics, 1 =14,
75> 0. then the critical point is at ¥
AVLU)= FLUD/LUI FiXy) af(WwpPo) " aWwpe
M(WPC) = F(WPC) Xy QWPC X
{25)

On this basts. the maximum  environmental carrying
capacily for Xi'an will pecur at an LUI value of U8 some
timie aflter 2021.

Obviously. improving lechnology can  increase the
AV(LU) and reduce M{WPC) from X, to X,. therehy
enhancing the envirommental carrying capacities angd
postponing the point at which urbanization must stop.
Technological innovation can promote the urbanization
process. However. as is the case at a low level of
technology. urbanization should proceed sulheently slowly
to maintam a healthy environment. In a rapidly developing
society. urbun sprawl is diffieult to control. but urbaniza-
tion must stll stop belore reaching u critical point if we are
to maintain an  environmental  bualance that  permits
sustainable development.

Note that when 7, = 0. 7520 the critical point is al X,
and when 7= 0. 75 = 0. the critical point oceurs at X5, This
shows that improved water pollution treatment lechnologies
will improve the maximum environmental carrying capacity
more than improvements m technologies for a given level of
GDP. Therefore, the crucial task for Xi'an is to improve
waler pollution treatment during urbanization rather than
Just expanding the urban area. These results suggest thal
Xi'an could theoretically complete its urbanization process
alter 2021 rather than in 1996.

5. Conclusion and discussion

To evaluate the impacts of urbanization on land use and
surface water quality in Xian from 1996 to 2003, we
studied both factors using statisticul methods and geogra-
phical information system (GIS) techniques. Our results
showed a strong relatonship between land use and surlfuace
waler quality. This relationship 15 evident in both the
statistical and the spatial analysis, The development of a
Muarkov transition matrix revealed the patterns of change
between different land uses. The urban periphery ol Xi'an
is the region where land use changed most. The primary
teature of this change was that a large amount of farmland
was replaced by urban structures. In addition.  the
development strategy lor weslern Ching and the policy
for reclamation of woodland from farmlind converted
much farmland mto economic and noneconomic wood-
land. The Markov transition probabilities could describe
the land use changes in Xi'un ffom 1996 1o 2003.

The trends in the proportions of different land uses
explain some of the reasons for Xian surface water quality
problems. In particular, the rapid decline in agricultural
fand. the increased and high proportion of industrial land.
and the lack of green space may all be contributing to (he
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rapidly deteriorating surface waler quality. Surface water
pollution in the rivers of Xi'an shewed a strong organic
component. Rapid cconomic growth also clearly contrib-
uted fto surtace water pollution. As discharges of both
domestic and industrial e[Muents have increased, clean water
hius become increasingly scarce. The distribution of factories
has also had large impacts on river water quality. The
increasing industrial and service sector products were both
accompanicd by increased organic pollution. and this caused
deterioration of surface water qualitv, The calculation of
waler quality indices (RCPI. PCPI) is a traditional method
for comprehensive analysis ol waler quality. and both
mdices proved capable of modelling surface water quality
with an acceptable degree ol accuracy. All of the simulated
values were very close 1o the actual momitored values.

Land use change in Xi'an has been driven by muny
forcez. However. human activity was the most important
one. Rapid cconomic development and urbanization were
the lundamental reasons tor land use change from 1996 1o
2003, [nvestment in soctal assets, development ol the urban
economy, construction of infrastructure such as transpor-
tation lacilities, and internal adjustments in agricultural
land use also plaved important roles in the process of land
use change.

Our uwrban expansion model suggests thul urbamzation
does not inevitably lead (o degradation of the ecological
environment provided that Llechnological improvements
keep pace with the rate of urbanization. However. urban
expansion must stop before certain critical points are
reached. We lound that marginal walter pollution costs were
higher with lixed pollution treatment technologies than with
improving pollution treatment technelogies. Urban expan-
sion in Xitan should have reached equilibrium when the land
use index (LUT) equalled 4.7 1n 1996 if we 1znore the impucts
of technofogical factors. but the eritical value of the land-use
index could potentially increase to 9.8 at some time alter
2021 1 we assume technological innovation.

[y true that treatment echnologies will possibly (ail Lo
muaimntain adequate water quality at very high levels ol
urbanization because ol nereases m diffuse or unpredict-
able sources of pollution such as urban runoll and
acctdental releases. We accounted Tor these unexpeeted
pollution events in our GDPL calculation. Our simulation
results showed that focusing on water pollution treatment
technologies would improve the maximum environmental
cirrying capacity more than improvements in technologies
[or a mven level of GDP. Therelore. it is crucial to deal
with water pollution treatment during urbunization rather
than just expanding the urban arcu. Our results mdicate
that Xi'an could theoretically delay the completion of its
urbanization process until after 2021 based on these
mmprovements, rather than reaching an estimated limit in
1996 in (he absence ol these improvements.

As un abstraction of reality, modelling will always have
shorteomings. Nevertheless. we are reliant on simulations to
plan for the future implicatons ol currenl decisions, As
rescarchers. modelling 18 alse necessary to test theories

relating to urbanization. in this sense. models are crucially
important for the management ol urban systems and lor
understanding their functioning (Wegener, [1994: http://
www.sprawlsim.org). From the present resulls, it 1 clear
that our model of urbanization for Xi'an could be improved.
For example. in order 1o facilitate the development ol our
model. we simplified the processing ol data [or variables
such as GGDP, GDPL. LUW, and WPC. which arc
complex to caleulate. In addition. external variables such
as technological Factors should be discussed in more detail.
At each stage of urban expansion (ie.. lor certain values of
LUIT). wrbanization should include opumal 1echnological
factors. which must be treated as dynamic variables. Our
model [ails 1o reflect these variations. since 1t has been
gmplified for the suke of discussion. We integrited these
unexpected pollution events and water quality improvement
refated factors into our GDPL calculation. Improvement of
the water environment must be achieved nol only by water
reatment lechnology and technologies Tor a given level of
GDP. but also by policy decisions. enlorcement of these
decisions, and public awareness. We plan 1o improve Lhe
model through future studies that acquire relevant data.
Despite the model’s deficiencies. we have conlidence i the
basic results of our simulation because the predictions are
generally reasonable. and often do a good job of predicting
getual measured values.
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Appendix. Nomenclatures
ANN artificia]l neural network

AV average utility, which is the average total
income ol all individuals.

AV (LU) average land udlity, the average total
USD of combination of different land
Use types

AV(LU+1) average land utility under the

assumption ol fixed technology (1)
CPI comprehensive pollution index
Environmental  the muximum or oplimum amount
carrving required to support a healthy ecological

capacily environment and sociocconomic
community
AT fixed assessment Investment

LU A1)

land utility in the condition ol fixed
technology (77)
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FWPC + 1) water pollution cost in the condition of
developing technology (t5)

GGDP Green GDP. which is represented as
GGDP = GDP—H—Ep—-Cpd

GDPL GDP loss

Land capacity  land optimum amount to support

healthy ecological and socio-economic

community, defined land utility as its

usefulness for ecological and human

activities, and calculated the uselulness

as a dollar value in market

LU land utility. under the assumption of
fixed technologies for a given level of
GDP. see Function §

LEY land utility, under the assumption of

gradual improvements in technologies

for a given level of GDP that result from

socio-economic development, see

Function 7

land use cover change

land utility index. to represent the value

of land for different combinations of

land types, see Function 2

MC marginal cost. defines the increase in cost
per cach unit increase in consumption,
and is expressed as the first derivative of
the input equation. and represents the
consumption of input required to
generate additional income

LuCc
LUI

M (WPC) marginal water pollution cost, the
increase i USD cost of water pollution
in per unit in GDP increase

M(WPC +15) marginal waler pollution costs under the
assumption ol developing technology (1)

NDBI normalized difference of barren index

PCPI pollutant complex pollution index. and

was defined as the comprehensive
pollution index of one pollutant at one
sample site or in one river
PL pollution load(sce Functions 3-4)
RCPI river comprehensive pollution Index. and
was defined as the comprehensive
pellution index of all pollutants at one
sample site or in one river
represents the water pollution treatment
costs under a fixed level ol pollution
treatment technology. see Function 9
represents water pollution costs under a
gradually improving technology that
results from socioeconomic development

WPC

WPC’

References

Alberti. M., 2003, Determinants of urban stream degradation, ¢ http://
www.clr.wushington edu/research.urbaneco/student_info/classes/
A 2003/ UE_10_14_03.pdl .

Allen. P.M.. Boon, F., Enge]en. G.. et al., 1984 Madc]]hlg ew.ﬂving
spatial choice patterns. Applicd Mathemitics and Computation 1.
97-129.

Batty, M..
425-428.

Brown. A.L.. 2003, Inereasing the utility of urban environmental quality
information. Landscape and Urban Plunning 1-2, 85-93,

Cuthlin, M., 1999, Projecting Land Use in Austin. ¢ hiop; wwawv.crwr niexas,
edu/gis/gishydrot)/Class/trmprojMeCullough/ TermProject htm %

Chang, H.. 2005. Spatial and tempaoral variations of water quality in the
Han River and its tributaries. Seoul. Kored. 1993-2002. Water. Air,
and Seil Pollution 161, 267-284,

Charbenneau. L. Morin, D, Royer. A., 1993, Analysis of different
methods for monitoring the urbanization process, Geocarto Inlerna-
lional 8, 17-25.

Clarke, K.C.. Hoppen. S.. Perez, S., 1996. Clarke urban growth maodel.
Chitp:)[www geo.ure.nasd, gov/usgs/clarke/hilt html 7,

Couclelis, H.. 1985, Cellular worlds: a framework [or madelling
micro-macro dynamics, Environment and Planning A 17. 585-596,
Couclelis, H.. 1997, From cellular automala to urban miodels: new
principles for madel development and mplementation. Environment

and Planning B: Planning and Design 242, 165-174.

Franklin, S.. Graesser, A, 1996, Is 11 an agenl. or just 4 program?
A taxonomy for aulonomous agents. In;
Third International Workshop on Agent Theories. Architcctures
and Languages: 132-145. (htpy/ www.mser.memphis.edu/~franklin/
AgentProg. htmi ) .

GB 3838-88. Environmental Standards [or Surface Water, The National
Standards of the People’s Republic of China. 1984 (htipd!
www.zhh.gov.en/english/SOE soechini 1997 water/standard htm 3

Hietel, E.. Waldhardt. R.. Otte. A, 2004. Analysing fand-cover changes in
relation o environmiental variables in Hesse, Germany. Landscape
Ecology 19, 473489,

Hotelling, H.. 1932. Edgeworth’s taxation paradox and the nature of
demand and supply function. Political Economy 40, 577-616.

frene, VK., Kees. L. Gooitske, M., et al., 2003, Urban environmental
guahity and human well-being: towards a coneeptual lramework and
demarcation of concepts: a literature study, Landscape and Urban
Planning 1-2, 3-18.

Lopez. K. Bocco, G. Mendoza, M., 2001. Predicting land-Cover
change in the wban fringe. Landscape and Urban Planning 35,
271285,

Muanasquan River Watershed Management Group. 1999, Manasguan
River Watershed: < hittp:/ www.visitmonmouth.com/mosquito/mwmg/
landdev.pdty

Mustafa. M AL Al-Bahar, LF., 1991, Project risk assessment using the
unalytic hierarchy process. IEEE Transactions on  Engineering
Management 38, 4652,

Myvungi. Ao, Hranova, RK. Love. DU, 2003, lmpact of home industries
on water guality m a (ributary of the Marimba River. Harare:
implications for urban water management. Physics and Chemistry of
the Earth 28, 1131-1137.

Nafo. LI, Geiger, 1., 2004. A method for the evaluation of pallution loads
from urban areas at river hasin scale. Physics and’ Chemistry of the
Earth 29, 831-837.

Negsihi. T.. 1960, Weltare economics and 1he existence of eguilibrivm for
# competitive economy. Metroeconomica 12, 42-07,

Pacione. M., 2003, Urban covironmental quality and huwman well-being
4 social geographical perspective. Landseape and Urban Planning 1-2,
9-30,

Robert, A Tomas. B., 2000. Comprehensive regional modelling for long-
range planning: linking integrated urban models and geographic
information systems, Transportation Research Part A: Paliey and
Practice 2. 125136

Rumelhart, D., MeClelland, J. (Eds.), [986. Parallel Data Processing. vol,
I. The MIT Press, Cambridge, MA, pp. 318-362 (Chapter R).

Sheryl. BW., Wu, 1., 2004. Modelling urban lnndscape dynamies: a case
study in Phoenix, USA, Urban Ecosystems 7, 215 240,

1971. Muodelling cities as dynamic systems. Nature 231,

Prncct:ding:i of the



U e et al | Jowrnal of Encironmental Managentent 86 (20051 731-749 7449

Stephan, P, Roland, E.. Yvonne. G.. 2005 Modelling the environmental
mmpacts of urban land use and land cover change—a study n
Merstyside. Lundscape und Urban Planning 2, 295 310,

Thomis, DG 2001, Deteeting trends using Spearman’s rank correlation.
Environmental Forensies 2. 350362

Treile, PAM. Howarth, P Gong, P., 1992, Application ol satellite and
G135 echnologies (or land-cover and land-use mapping o the rural-
urban [ringe: 4 case study. Phologrammetric Engineering and Remote
Sensing 59, 430448,

Turner. M.G.. 1957, Spatial simulation of landscape changes in Georgiaa
comparison of 3 transition models. Landscape Ecalogy 1. 29-36.
Wepener, M., 1994, Operational urban models. Journal of the Amencan

Planning Association 6, 17 29, .

White, R.. Engelen. G., Uljee. [, [997. The use of constramt cellular
amtomata for high resolubion modelling of urban land-use dynamics.
Environment anel P].‘ll'llrir‘l-g R Phim‘lil‘l}_{ and DCSIQJ'I 242, 323-343,

Waorld Bank, 1997, ¢ hutp: ) wwwiias.unwedu/binaries, BulPrepComReporih
pdl

Wu. F.L., Martin, Do, 2002, Urban expansion simulation of Southeast
England using population sarface modelling nad cellulios dutomata.
Environment and Planning A 10, 1855 1876,
Wu, ). Hohbs, R.. 2002, Key issucs and research priorities in landscape
eeology: an Tdiosyneratic synthesis. Landscape Ecology [7, 3155345
Wi Joo Murceaw. Do 2002, Modelling comples eenlogical systems.
Ecological Modelling 153, -6,

Xt'an Statistical Yearbook. 2003, China Statisties Press. pp. |-201.

Yoshimuea, C.OT,, Furumai, H. Tockner, K. 2005, Present stute of
rivers and streams in Jupan. River Research and Applications 21 (2-3).
93112,

Zha, Y., Gao, 1. Ni S, 2003, Use of nommalized difference built-up mdex
1 automatically mapping urban areas from TM imagery, loteria-
tional Journal of Remote Sensing 24, S83-594,



Jourmal of
Environmental
Management

Journal of Environmental Management 86 (2008) 750 750

www elsevier.com/ lovate; jenvinan

Application of a long-path differential optical absorption spectrometer
(LP-DOAS) on the measurements of NO», SO, O3, and HNO in
Gwangju., Korea

Jeongsoon Lee™™, Ki-Hyun Kim®, Young J. Kim*, Jaihoon Lec®

TEnttromment measwrement Growp, Korea Rexeavel Instittite of Standurdy and Science | KRISS 1L Dorvong Dong, Yusung G Dacjeon 303-H),
Repubiic v Koreg
"Popartment of Eurth & Envivonmental Sciciees, Sejony Universitv, 98 Goon-da Dong, Gwang-Jin Gu, Seoul 143-747. Republic of Koreo
Cddvanced Envivonmental Meomitoring Research Cenger, Department of Envivomniental Scionee & Engineeving. Gwangio Brstitate of Seienpi and Technology
(GIST ) L Orveng Dong. Brk Guo Geangpe SO0-712. Republie of Korea

Received § June 2005: recetved in revised form [4 December 20067 uccepted 30 December 2006
Available online | March 2007

Abstract

A differential optical absorption spectrometer (DOAS) technique has been applied to monitor airborne trace pollutunts mcluding
NO4. 85O> O and HNO, in the ultravielet (UV) region (290-330nm) over a L.3kin beam path (Iwo ways) during an intensive
measurement campaign held at Gwangju, Korea (March 2002), Their mean mixing ratios (and standard deviations) were computed as
11,3 (8.8) 1.9 (1.7 17.1 (19:3). and 0.5 (0.4) ppbv. respectively.

As a means to evaluate the performance of the long-path DOAS (LP-DOAS) system with conventional point monitoring systens
(PMS). correlation analvsis wis conducted between the two data sets. These data sets were then inspected to account lor the inflluence ol
the environmental conditions on the correlation strength between the two systems. especially with respeet to light level and wind speed.
To faeilitate the compurison. correlation analyses were conducted alter dividing the data sets for those paramelters into several classes.
Thestrength of the correlations between DOAS and meteorological parameters was also examined to evaluate their effects on the DOAS
performunce. 1t was found that. among the four pollutant species. Oy is the most sensitive (o changes in meteorological conditions in
relation with atmospheric mixing conditions. The overall results of our study indicate thut open-path monitoring techniques can be used
to effectively diagnose air quality and be substituted for the conventional point monitoring methods with the proper consideration ol
those parameters allecting the DOAS sensitivity (e.g.. light level and wind speed).
¢ 2007 Elsevier Lrd. All rights reserved.

Kepwords: LY spectrometer: Light level: Wind speed: DOAS: Diurnal variation: Ozone

1. Iniroduction

As one ol e open-path monitoring techniques. long-
path differential optical absorption spectroscopy (LP-
DOAS) is promising and powerful in that it can optically
measure multiple atmospheric trace gases simultaneously.
As DOAS allows measurements withoul pre- and/or post-
processing for an open path over several kilometers. it can
overcome the technical and/or spatial imitations which the

*Corresponding author.
il aderesses: leepsiorkmss re ke (], Lee).
kkinve empalbcom (K- Kim)

0301479718 - see ront matler 0 2007 Elsevier Ll All rights reserved
dorz1D 1016 jenvman. 2006, 12 044

traditional point monitoring systems (PMS) tend to suffer
from. The LP-DOAS system has been deployed to measure
intict the concentrations of a4 multitude ol trace gus species
which include: NO;. NO. NHa, CH50. SOs. €81, 04, NO5.
HNO,. and volatile organic compounds (VOC) (c.g.. Febo
el al., 1996; Kourtidis et al., 2002; Perner and Platt. 1979:
Plane and Chia-Fu Nien, 1992; Platt, 1994; Platt and Stutz.
2006).

Although many advantages of the DOAS system have
long been recognized. its application is yet uncommaon
relative to the conventional PMS under many situations.
Recently. however. there has been a growing lendency to
report the application of the DOAS (echnigue under
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various circumstances (Chiu et al.. 2005; Febo et al., 1996;
Kim and Kim, 2001: Kourtidis et al., 2002; Lee et al.. 2002,
2005; Kim, 2004; Mathew et al., 2001; Virkkula, 1997).
Those attempts have focused mainly on the examination of
the DOAS fecasibility for the quantification of criteria
pollutants or aromatic VOCs. In this work, such efforts
have been extended (urther to assess the performance ol an
LP-DOAS against the PMS techniques in relation (o
meteorological parameters. For the purpose of this
comparative analysis, the mixing ratios of several pollu-
tants were measured continuously by DOAS at a suburban
monitoring station in Korea during the spring of 2002, In
the course of this study. the potential influence of several
basic meteorological parameters (wind speed. light level
(visibility). etc.) was also assessed by examining the
relationship between DOAS and PMS. The results of this
study are thus expected to help understand the basic assets
of DOAS.

2. Experimental
2.1. Deseription of DOAS system

An LP-DOAS system, built by the Gwangju Institute of
Science and Technology (GIST) group, consists of a
photodiode-array detector (PDA. Hamamatsu S3904)
coupled with a spectrometer, a coaxial telescope. a set of
seven retroreflectors, and an clectronic control system, as
described in Lee et al. (2002). A spectrometer. a conven-
tional czerney-turner type. with a holographically grooved
grating, blazed at 330 nm with 1200 grates/mm, was used to
measure the trace gas species (NO,. SO», Os, and HNO») in
cach respective ultraviolet (UV) region. The instrument
was periodically calibrated using the Hg emission spec-
(rum. The spectral resolution was ~0.3nm (FWHM) at
around 334nm. To prepare the corresponding reference
ahsorption cross-sections, the literature-based absorption
spectra were convoluted and interpolated with this instru-
mental function.

The concentration data of each gas species in the
wavelength range 290-350 nm were obtained sequentially
by taking logarithms, filtered, and then followed with the
non-linear fitting of the absorption spectra for a set of
measurements. From the differential optical depth
(D .. Ux) = In(Ia(2)/1(1))) determined by two spectra,
the respective values (¢, ;) ol ith species” concentration
and a coefficient of the polynomial of degree j were
acquired by the following fitting process (Platt, 1994),
which complies with the Beer—Lambert law:

b3 {n;m_\u,..J ~L (Z AVRED Y a_,x:-i_) H = Residual.
s ¢ J

(1)
Here ai4y) denotes the differential cross-section of the

ith trace gas at the wavelength of the kth pixel of the
photodiode. The residual term shown in Eq. (1) is left alter

fitting to atmospheric spectra; these residual lerm values
then tend to vary within a few per mil (%o). The residuals
may stem from the combined effects of the following
[actors: the atmospheric absorption of unidentified species.
the irremovable instrumental spectral patterns. the detector
state, the statistical fit errors of the least square (LSQ)
funetion, and the erroneous matches of the measurement
and reference spectra. Therefore, its structure has an
important role in determining a lower detection limit (DL).

2.2. Trace gas species measurements

All DOAS measurements were carried out on top of a
three-story environmenlal monitoring research center
building at the GIST during the period from 11 through
22 March 2002. The PMS was also operated for an
intercomparison purpose from the 14th through the 21 of
March 2002. The measurement site in the GIST is located
on the northern border arca of Gwangju city. Korea
(35.10N, 126.53E) which is surrounded by a large rice
paddy area (Fig. 1), Gwnagju is the fifth largest city in
Korea with a population of 1.4 million.

The two spectral regions used for the evaluation were set
to cover: (1) the 293-312 nm band for SO-. O3, and HCHO
and (2) the 325-342nm band for NO; and HNOs,. The
length of the light path was set at 1500m (750 m in both
ways) with a height of 6-15m above ground. The ambient
air spectrum was acquired with an integration time of 120s
(3 s exposure time and 40 scans for each). For an intensive
intercomparison analysis, all measurement data were
averaged at hourly intervals. Three types of spectra
(ambient air, background. and lamp) measured automati-
cally were put together for the derivation of the concentra-
tion of each individual gas species. Prior to such
calculations, each spectrum was processed Lo remove the
electronic offset and the dark current. Because the back-
ground scaltering spectra were superposed on the receiving
light spectra (during daytime). the background spectrum
was subtracted (rom the atmospheric spectrum (Lee et al..
2005). The background spectrum corresponds Lo the
atmospheric spectrum measured after the light source (here
a Xenon lamp) was blocked. A shutter in front of the light
source in our instrument (Fig. 1(1) of Lee et al., 2003) was
used to measure the diffusive background light. which was
scattered into the lelescope. The light level (LL) in this
study was hence used to express the practically measurable
LL compared to the fully oblainable LL as the barometer
of LL. The spectrum for the LL of 100% was determined
as the one measured at the time when the received hght
intensity reached a maximum during the measurement
period.

Information concerning the total uncertainty and the DL
for each gas is presented in Table 1(a) (Lee, 2004). To begin
with. the DL can be calculated as the minimum detectable
optical density from a residual structure depending on 1its
magnitude. In this study, the DL was actually determined
as three times (Ingle and Crouch, 1Y88) the standard
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Fig. 1. A geographicul location of the air quality monitoring site in Gwangju city, Korea,

deviation of fit results obtained after evaluating 30
randomly shuffled residuals (i.e. noise) at clean daytime
conditions (visibility ~20 km). Briefly, the uncertainty was
calculated from the square root of the sum of squares of
the standard deviations (1) of factors. such as light source
stability. light path length, absorption, absorption cross-
section spectra from reference and evaluation process
(fitting process).

The intensive intercomparison study introduced above
was conducted to directly evaluate the relative performance
ol a line-integrating moniloring technique (DOAS) and a
conventional technique (PMS), The PMS consisted of three
separale gas analvzers (manufactured by environment sa).
The econcentration of O3 was measured by a UV photo-
melry ozone analyzer (O341M) at 253.7 nm and by the UV
fluorescence method (AF21M) at 213.9nm., respectively.

The concentrations of NO> and HNO- were also mon-
itored by a chemo-luminescent nitrogen-oxide analyzer
(AC3IM) with UV Auorescence and by a channel glass-coil
sampling method with a chemical weatment (Park et al.,
2004). The DL and the drift information of all PMS are
also presented in Table 1(b). As shown in Table 1. the LP-
DOAS used for the analysig ol O; was not as sensitive as
the PMS (O341M). However, where the detectability of
SO, is concerned, the LP-DOAS can be superior to the
PMS method (AF21M).

2.3. Meteorological conditions
A multitude of meteorological parameters (ineluding

solar radiation, visibility, and precipitation) were mon-
itored at hourly intervals from weather stations at a
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lable L
The basic analytical properties of LP-DOAS and PMS investigated in this study
() LP-DOAS?
Species NO, 50, 0, HNO, HCHO
DL (pphwv) 00,50 0.20 426 017 1.52
Relative uncertainty (%) B0 4.5 13.5 a.0 8.0
{h) PMS
Species NO, (AC3IM) SO: (AF21M) 0y (0341M) HNO; channel glass coil sampling
DL (ppbv) (.33 L0 (.4 0.2
Noise (pphy) 0.17 0.5 0.2 =
Span deifl = 1 %/day < | %a/day < 1 /day

Zero drif < 1 pph/week < 1 pph/week

< | pph/week

“The detection limits of DOAS system are determined by the atmospheric spectra measured over a4 1500m path length at 30% light level of the

maximum light level (VR ~20km).

Wind speed(m/ssc)

VA > 11.05

Q 8.49-11.05

5.40-8.48

3.34-5.40

1.80-3.34

H 0.51-1.80

South

Fig, 2. A diagram of the windrose pattern at the study site. The wind
direction data were obtained at hourly intervals during the enure study
per‘;od.

Gwangju meteorological office (GMO). In addition. a
number of basic meteorological parameters (wind speed.
wind direction, temperature. relative humidity (RH). and
particulate mass) were also measured from the GIST
monitoring site. The meteorological conditions during the
whole study period can be summarized as f[ollows. The
prevailing wind direction was southerly, as shown in Fig. 2.
The mean wind speed was computed to be 2.6ms ' The
mean temperature was measured as 10.1°C with a mean
RH of 55%. The observed results thus represent typical
weather conditions of a suburban area in the spring season
ol Korea, [t was also noted that three Asian dust (AD)
storm events occurred during our study period on the 17,
19, and 21 March (Park. 2002; Park and In, 2003). On 21
March, it was severe enough to impair visibility to less than
SO0m distance.

In order to check for the possible existence of emission
sources near the measurement site. the observed concen-
lration data were initially analvzed in relation with the
windrose pattern. It indicated that there was no distin-

guishable emission source around the measurement station:
such a prediction is realistic, if one considers that the
pollutant distribution patterns were very similar to the
wind rose pattern in Fig. 2. As can be seen from the wind
rose pattern (Fig. 2). most winds came from the downtown
area and the industrial complex located in the southern
part of the measurement site (refer to the map in Fia. 1).
This situation may influence the distribution characteristics
of ecach pollutant, as there are no identifiable sources
around the measurement site. Hence. the sources ol air
pollution in the study area are expected to be controlled by
a number of factors: transport from the southern area (by
wind). photochemical oxidution phenomenon (for Os), or
direct emissions of (ralfic sources from the surrounding
suburban area, similar to a previous study made in Taiwan
(Chiu et al., 2005).

3. Results and discussion
3.1. The overall patterns of DOAS monitoring

Fig. 3 shows the time series plots of the trace gas species
and the LL data for the entire study period. It has been
reported that the reduction of the light intensity ean impair
the performance of DOAS to a certain extent (Virkkula.
1997). In this study, a large portion of DOAS data was also
lost by the frequent reduction in LL. The prevalence of
heavy log (in most mornings) and/or dust storm events
principally contributed to the attenuation of light which
then caused the loss ol data.

A statistical summary of our pollutant data acquired by
both DOAS and PMS is given along with the LL data
observed by the DOAS system (Table 2). According to this
analysis, the following was generally found: (1) the average
concentrations of the DOAS are generally smaller than
their PMS counterpart; and (2) the data loss rate for
DOAS was comparable to (or lower than) the PMS
depending on the trace species. The cause of the former
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Fig. 3. Comparison of the pollutant concentrations measured by the DOAS system (solid lines) with those of the PMS (open triangles for O, open squares
for HNOs. and open diamonds for NOs). The vertical bars indicate the standard deviation ol the hourly data of DOAS data. Light intensity is shown here

as dn open circle,

may be somewhat natural, because the path integration
monitoring technique (like DOAS) vields the average
mixing ratio over a given path length. However, the
differences in the average values measured by each system
seem to fall in a moderately small range, if one considers
the uncertainty of each individual system (see Table [).
Henee. one may conclude that the two separate instru-
mental systems maintained a fairly good compatibility
during the intercomparison period.

In Table 2, the data loss rates for both systems are
evaluated and compared to each other. The results indicate
that the loss rates of DOAS for cach trace gas (NOs,
HNOs. SO, and O,) correspond to 22%. 23%. 20%. and
21%, respectively. while their PMS counterparts corre-
spond to 21%. 28%. 24%. and 24%. The main reasons for
such data loss can be ascribed 1o the low pollution level in
comparison to the poor DLs under the severe environ-
mental conditions (frequent fog, precipitation (rain), dust
storm, etc.). However, during our study period, the loss
rate of DOAS-based data was even smaller than that of
PMS; the gradual deterioration of the PMS inlet by the
precipitation and dust storm may have acted as an
important factor to affect the data acquisition rate for
the traditional method.

Ozone typically showed a diurnal variation pattern with
a daytime maximum (afternoon) and a nighttime minimum
(around midnight) (see Fig. 3). However. as it is well
known, the temporal distributions of NO, and HNQO; are
opposite 1o that of O; (Seinfeld and Pandis, 1998;
Finlayson-Pitts and Pitts, [999). In general, Oy as a
secondary photochemical pollutant 1s formed in the atmo-
sphere via the reaction of the photodissociation of NOs. O
in the surface layer is hence expected o decrease after
sunset. while NO5 behaves contrary to 05, The SO data
measured during the study period did not show clear
diurnal variation. but the pattern seemed to be affected
rather sensitively by the traffic conditions over the daily
cycie. In Fig. 3. the concentrations of some pollutants
(SOz, NO», and HNO>) are commonly seen (o approach
their DL during most of the study period. Such phenomena
were more significant. especially during the rainy and
heavy dust storm periods (e.g., 14, 17, 20, and 21 March
2002).

Interestingly. we were able to find a significant bul
unusual increase in Oy mixing ratio during some nighttime
periods (e.g.. 14, 18. and 20th). contrary to the general
pattern with the daytime maximum (due 1o photochemical
reactions). Such an elevated O3 concentration level seemed
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Table 2
A statistical summary of the DOAS and PMS hourly data measured and the meteorological parameters meusured coneurrently during the study period (ull
mixing rutios in ppb unit)

(i) Pollutants

Light level (%) DOAS system (DOAS) Point monitering svstem (PMS)

NO)- FING), SO O NO- HNO- 505 o8
Mean HLT [ ) 0.3 1.9 [7.1 13.9 0.8 28 18.7
Median 276 hi] 0.4 1.7 9.3 10.0 0.8 2.0 210
D 219 8.4 0.5 1.2 12:1 S 0.7 2.3 1.3
Min (1.3 0.2 -0.2 0.0 -0.03 { 0 1] ]
Max 100.0 3AN I.B 6.2 41.5 a1l X6 u) 42
U 166 147 145 150 149 149 136 142 112
N 189 I88 88 188 8% 188 |88 188 147
(b Met. data

Wind speed (ms™") T{Q) RH (%) SR (MIm )

Mean 29 0.5+ 37.3 1.2
Median 2.6 10.2 2.0 0.8
SD 2.0 4.3 22,5 0.9
Min ] 0.4 [ 1)
Max 5.6 224 92 20
N I8 18 16ty 104

The number of data has been lixed as 188 during the comparison study (from 14 to 21 March 2002) between DOAS and PMS. In addition, Ny is also
given ta represent (he effective number of the concentration dala measured at light level above 0.5%. However, iff the tolal number of data is concerned [or

the entire measurement period (rom |1 1 22 March 2002). it goes up to 266 in the case of some mefeorological parameters.

1o occur under the conditions of low wind speed at high
temperature. It can thus be speculated whether this is due
1o the transport of external ozone or Lo the formation of a
sccond O3 maxima at nighttime (nocturnal ozone) (Evan-
gelisti et al.. 1995: Salmond and Mekendry. 2002).

3.2, Correlation analysis between DOAS and PMS

As o means to evaluate the relative performance of the
two measurement techniques. a correlation analysis was
conducted. As explained by many previous studies
conducled for intercomparitive purposes. the correlation
coefficient (r°) can be used as a simple barometer to judge
the compatibility between the DOAS and PMS techniques
(Stevens and Conner, 1991; Martini et al.. 1994; Virkkula.
1997). There has been a good consensus that the strength of
correlation is affected most effectively by such factors as (1)
instrumental calibration errors, (2) atmospheric homoge-
neity. (3) visibility, and (4) proportion of below detection
limit (BDL) values (Stevens and Conner, 1991; Martini et
al,, 1994; Virkkula, 1997). In the course of the present
study. the effects of (1) and (4). affected by the
instrumental conditions, have already been examined in
Sections 2.1 and 3.1, respectively. Hence, the effects of
meteorological parameters (2) and (3) are investigated
more intensively below.

The results of the correlation analysis are summarized in
Table 3. If the extent of compatibility between the two
methods is assessed by the magnitude of the correlation

Table 3
The results of lincar repression anulysis between DOAS and PMS

" Correlation equation (unil in pph)
NO, 0.89 {147 Y(PMS) = 130 (0.06) = (DOAS) -0.72 (0.79)
HNO: 046 (133) Y(PMS) = .66 (0.11) x (DOAS) +0.52 (0.05)
SO 037 (114) Y{PMS) = (164 (11.13) 5 (DOAS) + LL37 (0.30)
=l 0.94 (110) Y{PMS) = 0.83 (0.03) x (DOAS) | 491 (0.61)

"No. of data is given i the parenthesis,

coefficient, it is generally ranked in the order of Oz NOa,
HNO5, and SO-. In spite of the complicated meteorological
conditions and the generally low pollutant concentrations in
the study area. the observed compatibility for NO» and Os is
fairly high. in compliance with the previous studies (Lee et
al.. 2003; Febo et al., 1996; Martini et al.. 1994; Stevens and
Conner, 1991). However, as the correlation coefficients
derived for SO; and HNO, were [airly poor. the discussion
of compatibility is directed mainly to NO, and Os in this
study. Probably, our study site may have been influenced by
some sources of SO, and HNO; on an irregular basis during
the entire study period (Table 2(a) and Fig. 2).

3.3. The influence of LL and wind speed on the inter-
instrumental compatibitity

The results of correlation analysis in Table 4 (and Fig. 4)
are compared as a function of two major parameters such
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Tuble 4

Results of correlation analysis between DOAS and PMS obtained for the
Ty T!1{l_]l(’!' mch.:on\lugicu] parameters: (a) Iigl‘l.l level (LL) and (b) wind
apeed (W)

() Light level

LL (%) HNOy ]\01 03 S():
(-5 = —
620 .57 1.41 0.72 0,019
0.46° —2.33 310 1.96
0.26" 0.81 .92 —
2140 0,68 1.14 0.54 (.88
(.35 .82 S04 0.75
0.22 (.84 (.89 016
4160 .85 147 0.93 1.08
0,36 —1.33 2.82 1.47
0.25 073 (1.9 (131
61-100 1.00 1.07 0.78 1.54
0.61 009 6.52 (1.83
0.12 0,67 0.8 0.21
(b) Wind speed
WS (ms 1) HNO- S0- NOs 0,
0-19 (1,90" —1.29 .64 (.80
.46 2.03 ~6.07 351
0.3 0.01 0.63 0.73
1.0-1.9 0,59 010 1.17 (.83
(.63 2.36 —0.06 4,28
0.19 0 0.81 .81
2029 0,62 0.53 1.23 .79
(161 1.36 1.53 5.46
0.18 0.07 0.77 091
3.0.4.9 .62 0.57 1.46 0.64
0,51 1.52 ~3.10 10,9
0.13 0.15 (.84 0.73
S0-K.6 002 112 146 0.75
(1,39 (.89 0.18 783
0 0.52 0.79 0.8

Superscripts L. 2, and 3 denote slope. offset. and correlation coefficient,
respectivety,

as LL and wind speed (WS). To examine the direct
influence of the LL on the DOAS performance. a
correlation analysis was conducted after dividing the LL
data sets into five separate groups (Table 4(a)). At the LL
values below 5% (assuming the Fully received LL as 100%:).
the correlation was insignificant. However. the correlation
strength improved significantly above 3%. For O and
NO3, the correlation coeefficient increased rapidly at LL
values beyond S§%. The level of correlation with LL.
however. seents to remain néarly constant in that range. as
shown in Fig. 4(a). The correlation coefficients of SO, and
HNGO, also exhibited a trend similar to those of the above
two gases. It thus suggests that changes in LL are not
efficient enough to affect the instrumental compatibility
beyond a cerlain level.

Ta turther elucidate the effects of environmental factors
on the DOAS performance, the wind speed data sels were
examined in a manner similar to LL. The correlation
patierns derived based on the grouping of wind speed data

sets, however, resulted in a very unique pattern (Fig. 4(b)).
When the wind speed was less than | ms ', the correlations
became the weakest for most pollutants, except for IINO;,
In the meantime. the correlation coefficients of SO, tended
to grow monotonously with wind speed. The correlation
coefficients for O3 and NO. were. however, found to peak
in the intermediate wind speed ranges of 2-3 and 3-3myg '
respectively. In compliance with the general findings of
previous studies (Kim, 2004: Kim and Kim. 2001: Martimi
et al., 1994). the results of this study ndicate the
complicated relationship between the wind speed criterion
and each individual target analyte. In the case of Martini et
al. (1994). two data sets were analyzed after being sorted by
the wind speed criterion of 2ms™" (obtained from the
ozone correlation analysis). These authors observed a
notable enhancement of correlation values () for both
SO> and NO- data sets. In addilion. there was also an
attempt to analyze wind speed criterion in relation with the
absolute concentration differences between the two sys-
tems: lor instance, it was found that differences in NO.
concentrations between the (wo systems lended (o be
reduced with increasing wind speed (Kim and Kim. 2001).
The concentration differences between the two systems also
tended to converge to zero with the rise of wind speed (in
the case of O, SO», and NOs in this study)., Therefore. it
clearly indicates that the wind speed duta can be used
effectively to diagnose the compatibility between the fwo
systems. because an increase of wind speed can generally
enhance the extent of atmospheric mixing.

3.4. Diurnal variation patterns during the intercomparison
sty

Knowing that mest trace species and the meteorological
parameters exhibited distinct diurnal variations (Fig. 3),
their temporal patterns were examined as another means (o
evaluate the DOAS performance (Fig. 5). As shown in Fig.
5. many meteorological parameters (such as temperature.
wind speed, and RH) exhibited clear diurnal variation
patterns, while being significantly correlated with each
other (r1>0.8’?]. The meteorological conditions are in fact
distinguished between daytime and nighttime during the
entire period. During the daytime (N = 143), the winds
came dominantly from the south at 4 mean wind speed of
3.2ms . The mean temperature was measured as 11.8 C
with a RH of 531%. In the nighttime (N = 123), the winds
were southerly or northerly at a4 mesn wind speed of
2.0ms~". During the night, the mean temperature was
observed to be 8.0°C at 60% RH.

The results obtained for NO; and Oy generally exhibited
a strong compatibility between the two systems over the
diurnal scale, Their correlation coefficients (_:'3]. when
derived using diurnal data sets, were 0.89 and 0.94.
respectively. In contrast, the compatibility of 8Os and
HNO; are not so good in that they show very poor
correlations (with r~ values of .04 and 0.30. respectively).
(An extended study between the two systems may be
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Fig. 4, The compatibility hetween DOAS and PMS is expressed in terms of correlation coellicients (™). All results are compared as a function of (a) light

level (LL) and (b) wind speed (WS).

needed to explain the weak compatibility of those
compounds in the future.) An examination of the diurnal
variation patterns measured by both systems also indicates
that both O; and NO; can exhibit considerably high
correlation coefficients (#°) with temperature, solar irradia-
tion, and wind speed: (1) in the case of Oy, the correration
resulis between DOAS-derived O5 and those meteorologi-

cal parameters were: 0.73, 0.66. and 0.66, while those of

PMS 0.81, 0.49. and 0.74, respectively. (2) NO- data for
DOAS showed values ol 0.38. 0.39, and 0.34 and for PMS
0.21, 0.27, and 0.23, respectively. It was thus found that
ozone, out of the four pollutants investigated in this study.
gxhibited the strongest correlation with temperature, RH,
wind speed, LL, and solar irradiation for both measure-
ment techniques. These results appear to be quite
compatible with those of previous studies (Chiu et al.
2005; Martini et al.. 1994: Evangelisti et al., 1995: Virkkula.
[997). Based on this comparative analysis, it can be
«concluded that Oj is a very sensilive indicator to assess
the homogeneity of air masses (Martini et al., 1994).

4. Conclusions

In this study, we performed an intercomparative analysis
of two different measurement techniques (DOAS and
PMS) using the data sets for four trace gas species (NOa,
0;, SO, and HNO,). The measurements were carried oul
from a suburban area (GIST station) in Gwangju city,
South Korea during a 10-day study period. The results
obtained by the two independent systems were examined 1o
evalugte the compaltibilitics. mainly in terms of correlation
analysis. The influence of the LL and the wind speed was

examined with a primary focus on evaluating the degree of
the compatibility between each pollutant data set obtained
by the two systems.

The results of our analysis indicated that wind speed can
be used as one of the key variables to explain the
instrumental compatibility of DOAS with others. Such
compatibility can in fact be optimized under certain
meteorological conditions (e.g.. good vertical and hor-
izontal mixing). At present, the data sets Tor HNO- and
SO, were not examined fully because of relatively poor
compatibility, and the comparison for HCHO was nol
made because of the absence of matching data pairs from
PMS. In a future study, it will be desirable to examine the
compatibility of other gases and their dependence on the
environmental conditions.

The overall results ol our study can be summarized as
follows:

(1) If the magnitudes of all target analytes were compared
each other, the DOAS-values were generally lower than
those ol PMS.

(2) The correlation coefficients (+°) of NO> and Oy, when
computed for the two measurement systems. were (.89
and 0.94. respectively. The strengths of correlation
between DOAS and PMS were very poor at LLs below
5%. However. the correlation values increased signifi-
cantly at LLs above 5% and remained almost
constantly so after that.

(3) The correlation results of Oz and NO> were found to be
the highest in the wind speed range 2.0-3.0ms™' (r’
~0.81) and 2.0-5.0ms™' (* ~0.84), respectively.
However, other than those ranges, their correlation
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Fig. 5. Compurison of diurnal variation patterns for various pollutants
and meteorological parameters: (1) NO- and O; concentrations (with SD
shown as vertical bar) measured by the two systems and (b) meteorological
parameters (wind speed (WS), relative humidity (RH), light level (LL),
temiperature (7), and salar irradiation (SR)) during the study period,

strengths were reduced to r* ~(.73 and ~0.63. respe-
ctively. The correlation strength (i) of SO- increased
(from 0.0 to 0.52) monotenously with the growth of
wind speed. while the reverse pallern was apparent for
HNQO; (from 0.3 to 0.0).

When all the measurement data were examined, O3 was
affected most sensitively by the changes in meteorological
conditions. For O3 measurement, PMS was found to
respond as sensitively as DOAS to elfectively reflect the
changes in environmental conditions (e.g., the variation of
wind speed. RH, LL, and temperature).
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