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Abstract

The aim of this field study was to determine the concentrations and emissions of ammonia and hydrogen sullide in different types of
pig buildings in Korea to allow objective comparison between pig housing tvpes in Korea and other countries. Concentrations of
ammaonia and hydrogen sulfide in the pig buildings averaged 7.5 ppm oand 286,35 ppb and ranged from 0.8 to 21.4 ppm and from 45.8 to
1235 ppb. respectively, The mean emissions of ammonia and hydrogen sulfide per pig (normalized to 75 kg liveweight) and area (m-)
from pig buildings were 2502 and 37.8myg/h/pie and 336.3 and 30.9mg/h/m>. respectively, Ammonia and hydrogen sullide
coneentrations and emissions were higher in the pig buildings managed with deep-pit manure systems with slats and mechanical

ventilation than in other housing tvpes.
¢ 2007 Published by Llsevier Ltd.

Kepwordy, Pig building; Ammonia: Tvdrogen sulfide; Concentration; Emission

1. Introduction

Extensively modern pig production practices degrade the
air guality 1n pig buildings and thereby pose a health risk to
the pigs and farm workers (Whyte. 1993; Pearson and
Sharples. 1995). To address these environmental problems.
the U.S. and Europe are imposing more stringent regula-
tions on aerial contaminants both within and from pig
houses (Wathes et al.. 1998: Gay et al., 2003).

Aerial contaminants generated in the pig buildings are
classified into gases, particulates andairborne microorgan-
isms (Wathes. 1994), Representative gaseous compounds in
the pig building are ammonia and hydrogen sullide which
are generated by the pigs themselves or by decomposing
manure and casily adsorbed onto airbourne dust particles
derived from feedstufls (Boticher. 2001). If ammonia and
hvdrogen sulfide are adsorbed onto fine dust particles such
a5 PM: 5, they pose seriously adverse health effects on both

*Corresponding wuthor. Tel: 8222220 1510 fax: — 82332922510;

Lyl adelress: khysnudodawm.net (K.Y, Kin),

JAOL-ATOTS - see front matter ¢ 2007 Published by Elsevier Lid.
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pigs and workers because they penetrate the respiratory
system (Donham et al.. 1986). Ammonia in the atmosphere
can combine with some other compounds (o [orm PMa s,
which has been shown to pose a health threat to humans
(Erisman and Schaap. 2004). These gases promole 4
deterioration of equipment in the pig buildings (Ni ct al.,
2000b). elicit serious complaints from neighbors i’ the
odors are emitted outdoors (Ni et al.. 2000a). and can
potentially damage ecosystems by soil acidification, water
eutrophication and global warming (Harssema et al., 1981:
van Breemen el al.. 1982: Buijsman and Erisman, 1988),
For pigs, ammonia concentrations above 100 ppm have
been shown to cause a decline in leed consumption and
daily weight gain (Stombaugh ct al.. 1969) and concentra-
tions in the range of 50—75 ppm lowered the ability of the
pigs to clear bacteria [rom their lungs (Curtis et al.. 1977).
Humans experience eve, nose and throat irritation if
exposed to 20—=25ppm lor 8 h (NIOSH. 1974). Concentra-
tions of hydrogen sulfide below 10 ppm have no adverse
health effect on pig growth (Curtis et al, 1977}, bul
concentrations ol  S0—100ppm. 100—1000 ppm. and
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1000 ppm cause chronic. subdcute. and acute intoxication,
respectively (Smith et al., 1979). To protect workers from
exposure to ammonia and hydrogen sulfide. the Korea
Occupational Safety and Health Agency established 8-h
time-weighted average exposure limit values of 25 and
10 ppm limits, respectively (KOSHA. 1999). The Korea
Ministry of Environment restricls livestock Ffacilities.
including pig buildings, to maximum levels of | ppm lor
ammonia and 0.02ppm for hydrogen sulfide. based on a
mandate to lessen odor emissions (KME, 2004).

Prior to devising abatement techniques to prevent these
environmental and hygiene problems caused by ammonia
and hydrogen sulfide emitted from pig buildings, it is
essential lo accurately determine their concentrations.
Most field research to guantify the concentrations and
emissions of ammonia and hydrogen sulfide in pig
buildings to date has been performed in other developed
countries. mainly in the U.S. and E.U.. as shown in
Tables 1 and 2. According to these reports. the mean
concentrations of ammonia and hydrogen sulfide were
approximately 15 and 0.2 ppm. respectively. The ranges of
emissions per pig (73 kg) and unit area (m?) were 0.2-3000
and 0.3—4000mg/h for ammonia and 0.5-70 and
0.6—100 mg/h, respectively, for hydrogen sulfide, indicat-
ing large variations for each gas between countries and pig
housing types. These variations are in part attributed to
differences in climatic conditions and the environmental
management practices in the pig buildings.

To date. there is no such field data from pig buildings in
Korea. Therefore, the aim of this study was to provide
both pig producers and governmental regulators in Korea
empirical information on the concentrations and emissions
of ammonia and hydrogen sulfide in the different types of
pig buildings. and to compare values from Korean pig
buildings to those in other countries.

I~

. Materials and methods
2.1. Selection of pig buildings

The pig buildings investigated in this study were selected
based on three criteria: manure removal system, ventilation
mode. and growth stage of the pigs (Table 3).The three
types of manure removal systems [ound in Korean pig
buildings were (1) manure removal system by scraper, (b)a
deep-litter bed system and (c) a deep-pit manure system.
The manure rtemoval system by scraper. called the
Haglando system (Groenestein, 1993). consists of a shallow
manure pit with scrapers under a fully slatted floor. The
floor of the pit has a smooth finish and is covered with an
epoxy coating, allowing the manure to be completely
removed from the pig building several times a day. The
deep-litter bed system is a housing system where pigs are
kept on a 40em-thick layer of a mixture of manure and
litter composed of sawdust. straw or woodshavings. The
manure mixes with the litter, is fermented in the bed, dries
up during the pigs’ growing period, and is cleaned out once

a month. This system has an advantage in reducing the
labor in manure handling and rapid manure drying, while
its disadvantage is that it generates a lot of dust,
bioaerosols, and parasites. Both nitrification and denitri-
fication occur in this system. which can prevent the
emission of ammonia by producing N; from NH] instead
of NH;. When conditions for nitrification and denitrifica-
tion are suboptimal, NO and N;O, both volatile inter-
mediates. can be emitted (Betlach and Tiedje, 1981:
Lipshcultz et al., 1981). The deep-pit manure system,
which has become popular in Korea in recent years, is
composed of a deep manure pit under a fully or partially
slatted floor. Manure stored in the pit for long periods is
removed by pulling the pit plug. and letting the manure
drain into a storage compartnient located outside the pig
building.

The ventilation in Korean pig buildings is either the
mechanical type. using wall exhaust [ans, or natural
ventilation by operation of a winch-curtain. Confine-
ment-style pig buildings are usually mechanically venti-
lated. and open pig buildings are usually naturally
ventilated. Most pig buildings with the deep-litter bed
system used natural ventilation, while both mechanical and
natural ventilation were common in deep-pit and mechan-
ical scrape pig buildings.

Only pig production sites housing growing/finishing pigs
weighing approximately 50— 100 kg were included in this
study in order to compare objectively the emissions and
concentriations among pig housing types.

2.2, Measurements

This field study was carried out from May to June
and from September to October of 2002-2003. During
this period. the mean ranges of outdoor temperature
and relative humidity were 13—17°C and 63—72%,
respectively. Table 1 shows that research into the emis-
sions of ammonia and hydrogen sulfide in pig buildings
was done among five pig housing types with 30 sites
visited for each housing type. The pig buildings investi-
gated were randomly selected and situated in  the
central Korean provinces of Kyung-gi. Chung-buk and
Chung-nam,

Concentrations of ammonia and hydrogen sulfide were
measured at three locations in the central alleys of the pig
building under moderate weather conditions. The
15—30 min samples were taken once every hour between
9 am and 5 pm to span the normal work day. Emission
rates of ammonia and hydrogen sulfide were estimated by
multiplying the average concentration (mg/m*) measured
near the air outlet by the mean ventilation rate (m” /h) and
expressed either on a per pig (75 kg liveweight) (mg/h/pig)
or per area (mg/h/m?) basis. The total weight of pigs in the
pig building was calculated by multiplying the number of
pigs by the averaged weight of one pig (75 kg) as estimated
by the stockman. The total area of the pig building was
calculated from direct measurements. or in cases where
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Table |
Literatwre review of ammonia concentrations and emissions in pig buildings in various countries
Country Huousing type Anmmoenia concentration (ppoy Reference
Mean Range
LIS, Slats 26.0 Zhang et oal. (1998)
Slats - L2190 Stowell and Foster (2000)
Slats T4 03321 Attwood el ul. (1987)
Slats - 1.5-13.2 Crook et al. (1991)
Slats T8 0,1-50.0 Pedersen (1992)
Slats 180 Nicks et al (1993)
Bl Slats 1.0 147 Hendriks et al. (1998)
Shits 10.0-35.0 Hinz and Linke (1998)
Slats 12.1-18.2 Koerkamp et al. (1998)
Litter 4.3-49.1
Sluts 1#.2 11.7-26:00 Louhelainen et al (2001)
Canada Shas 22,9 6.3-64.9 Maorrson et al, (1993)
Slats 19.6 1.9-25.9 Duchaine et al, (2000)
Tiawan Slits 32 1.9-4.2 Chung et al. (2001)
Mean 154 1 649
Counlry Housing Lype Ammonii emission Relerence
mgh/"pig mg/h/"m?
Mean Range Mean Ringe
Slats 12.6-792.8 = [6.9- 1,066 Heberet al. (1997)
Slats 198, 71,384 20711861 Ni et al, (1998)
Slats = 1650 2100 2218-282,3 Ni et al. (2000a)
LS Shits — 2168 3.037 201 41081 Stowell and Foster (2000)
Skits 0208 = 0.3--1.1 Zhu el al. [_1(10‘!1
Slats [EERG 1532 = Heber et al. (2001)
Slats 1428 1919 - Gay et al, (2003)
Litter 29.1 a4l Kowalewsky (1981)
Slats 2885 3RTR - Eerden et al, (1981)
Slats 2783 3743 Qosthoek et al. (1941)
Slats 20.6 - 398 Asrnink et al. (1995)
Shits 2.7 1380 - Ciaslel e al. (1895)
Slats 8.3 2800 Adrnink et al (1996)
E:LL Slats 377 —~ 3032 Aarnink et al. (14996)
Sluts 247.5 T41.0 332799640 Hendriks el al. (1998
Slats 3750 304.0 Hinz and Linke {1995)
Slats 290 3 25503150 402.2 4 T-4234 Koerkamp et al, (1998)
Litter 2510 180.0-465.0 3374 241 9-625.0
Slats [SSTHRY BR7.1 Demmers el al, (1999)
Meun 231.2 0.2-3037 308 0.3-4081

“Rased on erowing/finishing pig (75 ka).
PAssuming 0.75 m” of Qoor area per pig.,

measurement was notl possible, from estimations by the
StOCkﬂ] H K B

The ventilation rate of the pig building was estimated
using different methods depending on the type of ventila-
tion used. Acecording to Gay et al. (2003). the use of static
pressure readings and fan curve data for mechanically
ventilated pig buildings and tracer gas, heat balance, or
earbon dioxide measurements for naturally ventilated pig
buildings provide the best estimates of ventilation rate.

Additionally, numerous [actors thal affect airflow, includ-
ing diurnal pig activity. dust accumulation on fun shutters
and blades. loose fan belts, and changes of slatic pressure
in the pig building, are not accounted [or by existing
methods of ventilation rate estimation (Bicudo et al.. 2002).
This study estimated ventilation rates of the mechanically
ventilated pig buildings by multiplying the arca of the
sidewall exhaust fans by the averaged value of air veloeity
measured five times across five points ncar exhaust fans
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Table 2
Literature review ol hydrogen sullide concentrations and emissions 1 pig buildings in various countries
Country Housing type Hydrogen sulfide concentration (ppm) Reference
Mean Range
Slats 90.0 — Muehling (1970)
Slats 6247 [20.0-2,174 Avery et al. (1975)
Slats 166.0 = Heber ¢t al. (1997)
LS, Slats 3R0.0 - Zhang el al. (199%)
Slats 206:0 154.0-378.0 Ni et al. (2002)
. Slats 19.5 6:5-52.0 Louhelainen et al. (20013
Taiwin Slats 101.7 30.0-180.0 Chang et al. (2001)
Muan 2268 6.5-2,174
Counlry Housing Lype Hydrogen sulfide emission Reference
mg/h/pig ma /h/"m®
Mean Range Mean Range
Slats 0.521.9 - 0.6-29.5 Heber et al. (1997)
Slats 304 — 52.9 INi et al. (1999)
LS. Slats == 5.2-72.1 = 7.0-96.8 Ni et al. (2000h)
Slats — 12.347.9 - 16.5-64.4 Zhu et al. (2000)
Mean 394 0.5-72.1 52.9 0.6-96.8

“Based on growimng/imshing pig (73kg),
t'r&\:{-ﬁuming (.75m? of Aoor area per pig.

Table 3
Characteristics of the pig buildings investigated in this study

Housing type Prg type n
Manure collection system Ventilation
maode
Deep-pil manure system with Natural Growing/ 30
slats Finishing
Mechanical Growing, 30
Finishing
Manure removal system by Natural Growing/ 30
seraper Fimishing
Mechanical Growing, 3
Finishing
Deep-litter bed system Natural Growing, 30
Finishing

using a hot-wire anemometer (Model 444, Kurz. Inc.,
Monterey, USA). once every 2h during an 8h sampling
pertod. For naturally ventilated pig buildings. the CO;
balance method described by Albright (1990) was applied
to calculate grossly the ventilation rate based on literature
estimates ol carbon dioxide produced by pigs (van
Ouwerkerk and Pedersen, 1994). This method estimates
ventilation rate by the difference between indoor and
outdoor CO; concentrations, as measured with a detector
tube (No. 126B. Gastech Corp.. Japan). yielding measure-
ments in the range of 100=7000 ppm. Although it provides
only rough values, several researchers applied this method
Lo eslimate the ventilation rale of naturally ventilated pig

buildings (Koerkamp et al., 1998; Schauberger et al., 2000;
Blanes and Pedersen, 2003).

Analyses of ammonia and hydrogen sulfide were
performed according to the methods recommended by
NIOSH (1998), Using an air sampling pump (Model 71G9,
Gilian Instrument Corp.. NJ, USA) adjusted to 2.0// min
of flow rate. air was collected for 10-20 min into an all-
¢lass impinger 30 (Ace Glass Inc., Vineland, USA)
including the absorption fluid (10m/, 0.1 N-H-SO; $olu-
tion) for ammonia and into charcoal tubes (Giliun
Instrument Corp., NJ, USA) for hydrogen sulfide. respec-
tively. After sampling, the absorption fluids and charcoal
tubes were analyzed by lon Chromatography (761 Com-
pact 1C, Metrohm, Switzerland),

2.3. Statistical analysis

The SAS package program (2002) was used to analyze
experimental data to determine any significant differences
in ammonia and hvdrogen sulfide concentration between
the variables in the selection eriteria. Duncan’s multiple
range lests were performed to indicate significant differ-
ences among group means in ANOVA,

3. Results
3.1. Concentrations of ammonia-enmissions

Mean concentrations and emissions of ammonia
from different pig housing types in Korea are given in
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Table 4

Ammonii concentrations and emissions m various types of Korean pig houses

Housing

Anmmonia concentranion (ppm)

Munure collection system Ventilaton mode Mean' Runge
Deep-pil manure system with slats NV R 22
"MLV 1240 " 7,3-21.4
Manure removal system by seraper NV, 50" 3495
M.V, 1147 8,1-15.2
Deep-fitter bed sysiem NV, 2:2¢ 0.8-3.1
Mean Téh 0.58-21.4
Housing Ammonia gmission
meh" piy me/h/m®
Muanure collection system Venulation mode Meuan Range Mean’ Range
Deep-pil manure systen with slats NN AT 52.3 48204 IR s1.1 5143
M.V R 242 R26.5 430.3" I35 10648
Manure removal system by scraper NV 2635 325242 354,11 12366782
M.V, 298.3" §33-725.6 400.9" 21345204
Deep-fitier bed system NIV, 84.9" §:2-210.1 lj-5 23:3-3523
Mean 2502 B2 K265 336.3 2331068

ANV Natural venulation.
"MV Mechanical ventilation.
“Based on growing finishing pie (75 ko).

“wbicad means that averaged values within the row by the same letter do not differ significintly.

Table 4. Regardless of Lthe type of manure collection system.
the ammonia concentrations in mechanically ventilated pig
building were significantly higher than those in naturally
ventilated pig buildings (p <0.05). Of the pig housing types
examined, the pig buildings with a deep-litter bed system
showed the lowest ammonia concentration (p<0.03).
However. the ammonia emissions did not differ signifi-
cantly among the other types of pig buildings.

3.2, Concentration of hydrogen sulfide emissions

Table 5 presents the mean concentrations and emissions
of hydrogen sulfide from different pig housing Lypes in
Korea. The highest levels of hydrogen sulfide were found in
the mechanically ventilated pig  buildings  with  slats
(p=0.05), while the naturally ventilated pig buildings
equipped with manure removal system by scraper and the
pig buildings equipped with deep-litter bed system had the
lowest values (p<0.05). There were no significant differ-
ences in hydrogen sulfide concentrations between the
naturally ventilated pig buildings with slats and  the
mechanically  ventilated pig buildings  with  serapers
(> 0.03). The lowest levels of hydrogen sulfide emissions
were seen in pig buildings with the deep-litter bed system
(p<0.05), and did not differ significantly among the other
Lypes of pig buildings (p =0.05).

4. Discussion

The concentrations ol ammonia and hvdrogen sullide
were generally higher in the decp-pit manure system with

slats und mechanical ventilation than in other pig housing
types. This is consistent with previous reports (Muck and
Steenhuis, 1982: Swierstra et al., 1995: Aarnink et al.. 1996)
that concentrations of gaseous contaminants. especially
ammonia. were highest in pig buildings with a deep-pit
manure system with slats that did not completely cover the
surface of the slurry pit. The high level of ammonia can
also be explained by nitrification and denitritication in the
bed. which can prevent ammonia emission by producing
Na [rom NH7 instead of NH; (Groenestein. 1993). Based
on the experimental results, the concentrations of ammonia
and hydrogen sulfide are dominant in the ventilation mode.
rather than in the manure collection system. There were no
significant differences in ammonia and hydrogen sulfide
emissions among the pig housing tvpes except in the
naturally ventilated pig building with a deep-litter bed
svstem, which were lower likely due to increased airflow
compared to mechanical ventilated systems. Considering
the moderate climatic conditions experienced through the
study period, this assumption was validated by previous
findings (Albright. 1990).

Large variations in ammonia and hydrogen sulhide
emissions among pig housing tvpes were observed in this
field survey. Considerable variations in the duti were also
found in previous studies (Koerkamp et al.. 1998: Gay et
al.. 2003), There are two possible reasons lor this. First,
there were varialions in ambient air temperature and
relative humidity which would strongly affect gas volali-
lization levels in pig buildings (Heber and Stroik, 1988:
Korthals et al.. 1988: Olesen and Sommer. 1993: Arogo
et al., 2002). Secondly, several very different and imprecise
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Hydragen sulfide concentrations and emissions in various types of Korean pig houses

Housing

Hydrogen sullide concentration (ppm)

Munure collechion system Ventilation muode Mean Range
Digep-pit manure system with slils NV 29634 4226724

"MLV, el2y” 121.6- 1233
Manure removil system by seruper NV, s a8 313

M.V, 27037 86.9-9]12.5
Deep-litter bed svstem NV 137.8° 45.8-289.2
Mean 2865 438 1235
Housing Hydrogzen sulfide enission

mya h"pig

me b e

Minure eollection svstem Venlilation mode Mean” Range Mean Ringe
Deep-pit manre system with slats NV 42.1# 8.0-120.2 50,5 (9.2 937
M.V, 3.4 I8.6-192.5 7174 4.2 2243
Munure removal system by scraper NV, oL 622922 484" 1.2 s.2
M.V, 39.2¢ 102511203 AT 163 1863
Deep-litter bed system NV, kA" #:3-73.3 24490 6.3 643
Mean 378 6.2 [92.5 LY 0.3 224.3

UNLVL Natural ventiliation,
"MLV C Mechanical venlilation.
"Based on growing: fimshimg g (75 kgl,

a.bued means that gvernged values within the row by the sume letter do not differ significantly

Tahle 6

Comparson ol ammona and hydrogen sulfide concentratons and enussions between this study and earlier reports

Aerial contaminants LInit Reparted data Dt Koren
Mean Range Mean Rimgpe
Amimoniy Concentration ppm 5.4 L1640 T.A5 08 214
LEmission meh “pig 232 (1.2-3038 250.2 R I-H26,5
me h/m® 3108 (3 4082 336.3 23368
Hydrogen sullide Coneentralion ppb 226.8 6.3-2174 286.5 45812358
Emission meh pig 39,4 0:5-72.1 378 6.2 1925
mg/h/m- 528 0.6-906.8 0.9 6:3-224.3

“Bused on growing finishmg pig (75 kg),

methods were used to estimate the venulation rate. These
methods provide only rough estimates ol house airflow.
which m turn contributes to the appreciable variation m
the emissions data (Bicudo et al. 2002). Emissions of
ammonia and hydrogen sulfide are estimated by mulli-
plying the concentrations ol aeral pollutants near the air
outlet by the ventilation rate. While coneentrations of
ammonia and hydrogen sulfide in the pig buildings can be
measured Fairly precisely, it s dilficult 1o  estimate
accurately the ventilation rate ol the pig buildings. In
addition. differences in housing management practices and
animal diets adopted by the farms likely contributed to the
variations in emissions data.

Compared lo pig buildings in the U.S. and E.U.
(Table 6). concentrations of emissions in Korean pig

buildings were generally lower for ammeonia but higher
for hydrogen sulfide. The most likely explanations (or these
dilferences are erroneous sampling techniques and ventila-
tion rate estimates. Differences between sampling sites and
periods. weather conditions during sampling, analytical
techniques for assessing ammonia and hvdrogen sulfide
concentrations. estimation methods for ventilation rales,
and ditferences in swine managemenl practices in Korea
compared to U.S. and Europe could all contribute to
variations in the fnal values,

The field survey datd reported m this article will help pig
producers in Korea by providing starting values for
emissions from which reduction strategies for ammonia
and hydrogen sulfide can be devised and executed., For
regulatory agencies, this data could be utilized (o establish
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pertinent regulations objectively and develop improved
setback evaluation methods, models, and tools to promote
the health of workers. improve the welfare of confined pigs.
and protect the environment through the reduction of
ammonia and hvdrogen sulfide emitted from the pig
buildings.

5. Conclusions

Concentrations and emissions of ammonia and hydro-
gen sulfide in pig buildings were higher in the pig buildings
managed with deep-pit manure systems with slats and
mechanical ventilation than in other pig housing Lypes.
Compared to other countries, concentrations and emis-
sions in pig buildings in Korea were generally lower for
ammonia and higher for hydrogen sulfide, respectively. To
present objective and accurate data for concentrations and
emissions of ammonia and hydrogen sulfide in Korean pig
buildings, additional farms should be investigated and an
accurate statistical database for the pig housing types in
Korea should be established.
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Abstract

This paper examines the effects of risk aversion on compliance choices in markets for pollution control. A firm’s decision to be
compliant or not is independent of its manager’s risk prelerence. However, non-compliant firms with risk-averse managers will have
lower violations than otherwise identical firms with risk-neutral managers. The violations of non-compliant firms with risk-averse
mandgers arc independent of dilTerences in their profit functions and their initial allocations of permits i and only il their managers”
utility functions exhibil constant absolute risk aversion. However, firm-level characteristics do impact violation choices when managers
have coefficients of absolute risk aversion that are increasing or decreasing in profit levels, Finally. in the equilibrium of a market for
emissions rights with widespread non-compliance, risk aversion is associated with higher permil prices, better environmental quality. and

lower aggregate violations,
(0 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Onc of the most important design elements ol any
regulatory poliey is how compliance with the policy will be
enforced, Within the context of designing market-based
pollution control policies. several authors have provided
theoretical analyses of compliance incentives. the conse-
quences ol non-compliance, and the design of enforcement
strategics (c.g., Keeler. 1991 Malik. 1990, 1992, 2002; van
Egteren and Weber. 1996; Stranlund and Dhanda. 1999:
Stranlund and Chavez. 2000: Chavez and Stranlund. 2003:
Stranlund ¢t al., 2005). Taken as a whole, this literature
suggests that firms™ incentives toward non-compliance
under market-based regulations. as well as the design of
enforcement strategies to counteract these incentives. are
quite different Irom compliance and enforcement of other
policy instruments, particularly command-and-control
regulitions.

An mmportant question for enforcers ol environmental
policies is whether differences in the characteristics of firms
generate different compliance choices. One may suspect

“Tels L4334 6328 faxs + 1413545 3833,
Fonail address: stranlund o resecon_ amuass edu.

030147078 L see front matter (© 2007 Elsevier Ltd, All rights reserved,
dei 10016/ jenyiian. 2007.02.012

that firms with different production processes. abalement
technologies. or inital allocations of emissions rights may
have different compliance incentives. If this is true. then
regulators will be motivated to choose a targeted enlorce-
ment strategy. in particular targeted menitoring ctfort,
which is conditioned on firm-level characteristics.

However. Stranlund and Dhanda (1999) have shown
that the individual compliance choices of risk-neutral
competitive firms in emissions trading programs are
independent of differences in any firm-level characteristic.,
Consequently, regulators have no reason o condilion
their enforcement effort on firm-level characteristics.
Their reasoning is straightforward. Since compliance in
emissions (rading programs means that a lirm holds
enough permits to cover ils emissions. a risk-neutral
competitive firm's marginal benefit of non-compliance is
what it has to spend for permits to make sure it is
compliant: that is. the prevailing permit price, A firm’s
complianee decision 1s made by comparing this permit
price with the expected marginal penalty [or emissions in
excess ol permits. Since this marginal benelit-—cost compir-
ison does not depend on anything unique to a particular
firm. the compliance decision is independent ol any firm
characteristic.
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This independence result contrasts sharply with the
effects of firm-level characteristics on compliance with
¢ommand-and-control standards. under which firms with
higher marginal emissions control costs or that lace stricter
emissions stundards will huve a greater incentive to be non-
compliant. In this way, firm-level characteristics are
important determinants of compliance with fixed standards
(Garvie and Keeler, 1994). A recent paper by Gray and
Shadbegian (2005) finds strong support for this conclusion
in their analysis of compliance behavior by pulp and paper
manufacturers.

The independence of firms’ violation choices on their
individual characteristics under market-based regulations
clearly depends, at least in part. on the assumption of risk-
neutrality. However. no one has addressed the question of
whether this independence result holds with risk-averse
decision makers. In the theoretical literature on compliance
and enlorcement of emissions trading only Malik (1990)
allows for non-neutral risk preferences. However, he does
not provide the qualitative impacts of parametric dilfer-
ences among firms on their violation choices. Doing so is
the primary objective of this paper. Moreover. since
marketl-based regulations are unique in that the compli-
ance decisions of firms are linked together through the
market [or property rights, it is important to understand
how risk aversion affects equilibrium decisions and market
outeomes.'

Several new results about compliance behavior under
tradable property rights policies are derived in this paper.
After laying out a model of a firm’s compliance decisions
under a competitive emissions trading program in the next
section. Section 3 contains an analysis of the effects of risk
aversion on compliance behavior. A firm’s compliance
decision can be thought of as two distinet decisions. First, u
firm must decide whether or not it will comply with its
permits. Second. if it chooses to be non-compliant it must
choose the level of its violation. With regard to the [irst
decision. 1 demonstrate that a [rm’s decision about
whether (o comply or not is independent of its manager’s
risk preference. Thus. if the enforcement objective is to
achieve full compliance with an emissions trading program,
the distribution of risk preferences among the managers ol
firms has no bearing on the strategy required to achieve
this objective. Moreover, a targeted enforcement strategy
with which firms with certain characteristics are monitored
more closely than others is not justified.

Risk preferences do play a role in determining the levels
ol violation of non-compliant firms. Not surprisingly. non-
compliant firms with risk-averse managers will have lower
violations than otherwise identical firms with risk-neutral
managers, However, the violations of non-compliant firms
with risk-averse managers are independent of any differ-
ence that affects their profit functions and differences in

IRisk-seeking behavior is not considered in this paper. hecuuse such
behuyior is unlikely 1o be empirically important in most pollution control
setings.

their initial allocations of permits if and only if their
managers” ulility functions exhibit constant absolule risk
aversion. On the other hand, irm-level characteristies do
impact violation choices when managers have coefficients
of absolute risk aversion that are increasing or deercasing
mn profit levels.

I principle. then, a regulator could target its enforce-
ment effort when there is widespread non-compliance in an
emissions trading program and firms’ managers are risk
averse. This targeting could be based directly on differences
in the risk preferences of-individual managers. or indirectly
on differences in the firms’ characteristics. However. a
regulator must have detailed information about managers’
risk preferences. including their coefficients of absolute risk
aversion. Unfortunately, it seems unlikely that a regulator
could screen individual managers on the basis of their risk
preferences. 1t also seems unlikely that a regulator could
infer this information from observed behavior. Thus. while
a targeted monitoring strategy may be justified when firm
managers are risk averse, the information requirements for
forming such a strategy are rather severe.

Finally. it is important for regulators to understand how
risk preferences affect the performance of markets for
pollution control. T examine the market effects of risk
aversion in Section 4. Risk aversion will have no impact on
pollution rights markets when all firms are compliant. but
may have significant impacts when there is widespread
non-compliance. In these cases. risk aversion is associated
with higher permitl prices, better environmental quality,
and lower aggregate violations.

2. A model of compliance under emissions trading

The analysis ol this paper is largely based on a standard
model of the decisions of a firm that operates under a
competitive emissions trading program. It is important to
note that the model of this paper can be applied to other
tradable property rights programs with minor modilica-
tions. In fact, recent papers by Hatcher (2005) and Chavez
and Sulgado (20035) are direct applications of the literature
on compliance and enforcement of emissions trading Lo
individual transferable fishing quotas (ITQs). Thus the
results of this paper apply to 1TQ policies. as well as to
other policies that seek to limit some activity through a
market lor the rights to engage in the activity.

The firm's gross profil in terms of emissions is Hlg, @),
which is strictly concave in its emissions ¢.° Absent an
inducement to control its emissions, the amount of
pollution the firm releases is the solution to b,(q. %) = 0.
(Subscripts on a function denote derivatives of the function
throughout the paper: for example. hHy(q.2) = 0b(q, %) /0g

“This is a restricted profit function; that is. iCis the profit u firm obtains
when it makes all of its input and output choices optimally while holding
its emisstons to g<g¢”. See Montgomery (19723 for o demonstration of the
coneavity of profit in emissions for firms that are price-takers in input and
ouiput markets. Since the lormulaton of blg,x) 18 quite general, strict
comeavity ean be guaranteed in many non-competitive setlings as well.
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and by,(¢. o) = 07h(¢.®)/0¢?). Denote this value of ¢ as ¢,
and let us limit the analysis to emissions less than ¢”. For
¢<q°,by(q,2)>0. One can think of h,(¢g,2) as the firm’s
marginal abatement costs, because it reveals the firm's
reduction in profil from reducing its emissions by one unit.
Assume that b(g. ) is increasing in the parameter = so that
by(g,2)=>0. Parametric differences in firms’ gross profit
functions are captured by differences in o.

The firm receives ly permits initially and holds / permits
after trading in a compliance period is complete. Compe-
titive behavior in the permit market establishes a constant
price per permit p. Net expenditure or revenue from
trading in the permit market is p(/ — ly).

If the firm is non-compliant. its emissions exceed the
number of permits it holds and the magnitude of its
violation is v = g—/{>0. If the firm is compliant. g—/<0
and v =0. To check for compliance. the firm is audited
with a known probability = and is assessed a penalty f(v) if
it is found to be non-compliant. There is no penalty for a
zero violation, but the penalty is positive, strictly increas-
ing, and strictly convex for positive violations. That is,
J0)=0,/(0)=>0, f (0)>0, and f, (v)=>0 for v>0.

Suppose that the manager of the firm is risk neutral or
risk averse. and therefore has a concave (perhaps weakly)
utility function u. Given the monitoring uncertainty and
the fact that the firm’s demand for permits is [/ = g—u. the
manager’s expected utility is

Uw) = (1 — mu(w”) + mu(w'), (1)
where

W = blg, %) — p(g — v — ) (2)
and

wh = blg,2) — plg — v — ly) — f(v) (3)

are the firm’s net profit when it is not monitored. w". and
when it is, w'. The manager chooses the firm’s emissions. g.
and its violation. v. to maximize (1).

This description of a manager’'s decision problem is
easily modified to analyze compliance with an emissions
tax (Malik, 1990). To do so, let / be the firm’s report of its
emissions, let p be the fixed unit tax on emissions, and set
lo = 0 to reflect the fact that a firm is required to pay for
each unit of emissions. The resulls of this section and the
next are obtained under the assumption of a fixed permit
price. (In Section 4, the permit price is determined
endogenously so that we can examine the market effects
of risk aversion.) Therelore, all of the results of these two
sections. except those involving the effects of f;, can be
directly applied to an analysis of compliance behavior
under an emissions tax.”

YRecent papers that investigate compliance behavior under an emissions
tax include Macho-Stadler and Perez-Castrillo (2006) and Sandmo (2002).
Only Sandmo allows [or risk aversion, but he does not analyze the effects
of risk aversion und firm characteristics on compliance behavior, which is
the main topic of this paper.

Assuming that the firm has positive emissions. its level of
emissions is determined by the first-order condition

oU(w)/eq = [(1 — ' (W) + (! )T (By(g. o) — p) =0,

which holds if and only if b,(g. %) = p. That is, the manager
chooses the firm’s emissions so that the marginal gross
profit from increased emissions is equal to the prevailing
permit price. Note that this choice depends only on the
profit parameter z and the going permil price p. Therefore.
let us write the firm’s optimal emissions as § = g(a, p). Our
results about firms® emissions choices are summarized in
our first proposition:

Proposition 1. A firm's choice of emissions is independent of

its manager’s risk preference, its endowment of permits, and
x ! " 4

the enforcement strateqy it fuces.

These independence results are not new. Malik (1990)
appears to have been the first to derive them in the case of
emissions trading. See Harford (1978) and Sandmo (2002)
for similar results in the case of an emissions tax.

That a firm’s choice of emissions is independent of its
manager’s risk preference. its initial allocation of permits,
and the enforcement strategy imply that a competitive
permit market will maximize an industry’s gross profit
given the aggregate emissions that result. In other words, a
competitive emissions trading policy will minimize an
industry’s ageregate costs of emissions control.” However,
there are situations in which Proposition 1 will fail to hold.
vielding an inefficient distribution of pollution rights.
Obviously, the assumption of competitive permit trading
is crucial.® Furthermore, Malik (1990) has shown that if a
non-compliant firm’s subjective probability of detection is
n(e;, [;). with 87 /@e; + O /01 %0, it chooses its emissions so
that its marginal profit [rom increased emissions differs
from the permit price. If this is the case, then it is unlikely
that the agaregate costs of emissions control will be
minimized. In this paper the detection probability a firm
faces is common knowledge between the firm and the
regulator, and is independent of the firm’s permit demand
and choice of emissions.

“This last independence result does not imply that equilibrium levels of
emissions are independent of the enforcement strategy. Enforcement will
have an indirect effect on equilibrium emissions through the permit price.
However. given a permil price. each lirm's choice of emissions are
independent of the enforcement strategy it faces. Murphy and Stranlund
(2006) use laboratory experiments of emissions trading when subjects can
be noncompliant to confirm the zero direct effect of enforcement on
cmissions, and a negative indirect effect through the impact of
enforcement on permil prices.

“This has always been an important ohjective for analysts and policy
makers alike. Montgomery's (1972) seminal work on the efficiency of
competitive emissions trading takes this approach, as have many papers
that have followed in the literature on emissions trading. Moreover, the
ability of competitive markets to distribute emissions control responsi-
bilities cost-effectively i1s the main justification for the widespread
implementation ol these markets:

OSee vitn Egteren and Weber (1996). Malik (2002), and Chaver and
Stranlund (2003) for analyses of compliance behavior under cmissions
trading programs in the presence of market power.
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We ean now turn to a firm’s compliance decision. given
its optimal choice of emissions. Since the condition under
which the firm is compliant is an important aspect of this
study, ity violation choice needs to be constrained to be
non-negative. The first-order condition for the violation
level that maximizes (1) subject to this constraint is

oUW /o = (1 —apd (W")p -+ (W' )p — /(1)
<0 if<0 thene=0.

This condition can be rewritien as;

ir <0

p—uf (R o ly. . p) <0 thenrv = 0. (4)

where

Il

wiw! )/ [(1 — el (W) + md (! }'|
=u'(w')/U'(w). (5)

R(v, o, ly. . p)

The implicit solution to (4) is the firm’s optimal violation.
which is denoted

&= Bety Igs 72, p)- (6)

The second order condition that guarantees that (4)
identifics a unigue optimal violation requires that
af ()Rt o p) s strictly increasing in v. That is,
[oR+f Re=>0. It is straightforward to demonstrate that
this condition holds as long as the firm’s manager is not a
risk secker. The consequences of risk-seeking behavior are
not examined in this paper. Note that 1 have written
R(v. oy, m,p) as being independent of the firm’s level of
emissions, gtz p). This follows from the fact that
n-"L = w) = hy(q, %) — p= 0, which implies Rz = 0.

R(v, . ly, 7. p) 1s an adjustment of the marginal expected
penalty, nf (v), that accounts for the manager’s atlitude
toward risk. If the manager is risk neutral, his or her utility
function is linear, implying that «'(w') = «/(w") and R = 1.
If the firm is compliant, R = | as well. because w’ = w'.
However, if the manager is risk averse, his or her utility
function is strictly concave. Therefore, if the firm is non-
compliant, then w’>w' and u'(w')>u/(v"). Since (1 —
ol (W) + med(w'!) is a linear combination of #/(w') and o/
"), WOl y=>(1 — o (W) + m'(w!). This implies that
R> 1 for a non-compliant firm with a risk-averse manager.

In the case of risk neutrality. it is straightforward to
demonstrate Stranlund and Dhanda’s (1999) result that the
decision to comply and the choice of violation level are
independent of any firm-specific characteristics. From (4) it
is straightforward to establish that a firm with a risk-
neutral manager is compliant if and only if p<=nf (0); that
is. a firm is compliant if and only if the permit price is not
greater than the expected marginal penalty of a slight
violation. Note that the firm’s gross profit, as reflected in
the parameter «, and its initial allocation of permits, /. do
not affect this decision rule. Therefore. a manager’s
deecision about whether the firm should be in compliance
is independent of these parameters. This independence
extends to the violation level of a non-compliant firm as
well. To see this. let (4) hold with equality, set R = | and

substitute the firm's optimal violation (6) to obtain p — =/,
(e, [y, 7, p)) = 0. Differentiate this identity with respect Lo
% to obtain —xf .6 = 0. which implies 7; = 0 This result
indicates that firms’ violations are independent of para-
metric differences in their profit functions when their
managers are risk neutral, The same is true for dilferences
in their initial permit allocations.

Therefore, as long as managers are risk neutral. there is
no reason for regulators to believe that some firms will be
more likely to be non-compliant, or tend toward higher
violations, even though they may be very different in ways
that affect their profit functions or in their initial permit
allocations. Moreover, there is no reason to believe that the
marginal productivity of increased enforcement in reducing
violations will differ among firms.” Hence, a regulator that
is motivated to target its enforcement resources to reduce
incidences of non-compliance cannot do so on the basis of
firm-level characteristics when managers are risk neutral,
In Section 3. we examine whether this result continues fo
hold when managers are risk averse.

3. Risk aversion and compliance behavior

In this section, let us analyze the compliance behavior of
firms when their managers are risk averse. We begin with a
firm's decision to be compliant or not. Perhaps surpris-
ingly, a manager’s risk preference has no bearing on
whether his or her firm will be compliant. That is.
regardless of the manager’s attitude toward risk. the firm
is compliant if and only if p<nf,(0). To prove the “only if”"
part of this assertion, first note that if v = 0, then »" = !
and R = 1. From (4), then, it is clear that » = 0 requires
p<nf,(0). To prove that £ = 0 if p<nf (0), recall that the
second order condition for the determination of v requires
that 7/ (v)R is strictly increasing in v. This and R = 1 when
v=0imply zf (1)R>nf (0) for ¢>0. In turn, if p<af (0).
then p—nf, ()R<0 for v=>0. From (4). however, p —
nf (t)R<0 for #>0 implies that the optimal choice of
violation is v = 0. Therefore, we conclude that v =0 if
p<nf,(0).

Since a manager’s decision about whether his or her firm
should comply depends only on the prevailing permit price
and the enforcement strategy. we have the following
proposition:

Proposition 2. A firm is compliant if and only if p<muf(0).
Therefore, whether a firm is compliant or not is independent
of its gross profit function, its endowment of permity, and its
mandager's risk preference.

Proposition 2 implies that firms with risk-averse
managers are not more (or less) likely to be compliant
than firms with risk-neutral managers. Thig result hag
important implications. Suppose that a regulator’s objec-
tive is to use its enforcement strategy to induce [ull

Murphy and Strantund (2007) find strong support for this hypothesis
in laboratory experiments of emissions trading.
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compliance to an emissions trading policy. One may
suspect that it would be ecasier to induce full compliance
bv firms with risk-averse managers than to induce
compliance by firms with risk-neutral managers, but this
1§ clearly not the case. That a firm’s decision to comply or
not is also independent of its gross profit function and its
initial allocation of permits implies that a regulator with
the objective of inducing complete compliance should not
pursue a targeted monitoring strategy. Minimizing the
enforcement costs of inducing full compliance implies
uniform monitoring of firms so that p = =/ (0).

While a firm with a risk-averse manager is nol more
likely to be non-compliant than a firm with a risk-neutral
manager, a hon-compliant firm with a risk-averse manager
will choose a lower violation than an otherwise identical
non-complant firm with a risk-neutral manager. This
follows from the fact that R = | for a risk-neutral manager
and R>1 for a risk-averse manager: that is, the expected
marginal disutility of being penalized for a particular
violation level is higher for a risk-averse manager than for
a risk-neutral manager. In principle. with information on
the risk preferences of individual managers, a regulator
could target its enforcement effort based on this informa-
tion. However. it seems unlikely that a regulator could
categorize or screen managers on the basis of their risk
preferences.

There remains the possibility, however. that a regulator
can use observable information about firms to target its
monitoring elfort when firms have risk-averse managers.
This information may include observable characteristics of
production technologies, levels of inputs and outputs.
abatement equipment. or their initial allocations of
permits. To determine whether it is possible for a regulator
to do this, we need to determine whether a firm’s violation
depends on the parameter ». or on its initial allocation of
permits, 4. Using (4) and (6). write the identity
p—af AFR(E, &, [y, m.p) = 0. (7)

From (7) obtain & = —Ryf,/S. where 0 € (%, /) and
S=f,.R+f,R,>0, which is required by the seccond-order
condition for determining an optimal violation. Since
f, >0, the sign of @ is equal to the sign of —Ry. Using
(5), one can calculate

—R, = Ab, [ (W) [u' (') + 1" 0) [ (1)), (%)
and
—Ry, = Ap[—u"(why i (' + " (") S (W] (9)

where 4 = (1 — J'.':)u’(wl)rr’{n-'u)[[a”(_ll-‘}]2>~0A Since b, >0,
—R,and — R;, have the same sign as —u"(w')/u'(w')+
u"(w") /e’ (w?). Therefore, &, and 5, have the same sign as
this term as well.

However, —u"(w)/u/(w) is the Arrow-Pratt coefficient of
absolute risk aversion and the sign of —u"(w!)/u'(w') +
w (wy S (w?) is simply a statement of whether the
manager’s utility function exhibits decreasing, constant,
or increasing absolute risk aversion (Mas-Colell et al.,

1995, p. 193). Since from (2) and (3), w!>wl. il the
manager’s utility function exhibits decreasing absolute risk
aversion, then —u”(w!)/uw/(w!)+u"(wW")/u/(W)=0. With
constant absolute risk aversion this term is equal to zero.
and with increasing absolute risk aversion this term is
negative. Therefore, for a non-compliant firm with a risk-
averse manager we have the following proposition:

Proposition 3. The violation of a non-compliant firm with a
risk-averse manager is independent of its gross profit function
and its endowment of permits if and only if the manager’s
wiility function exhibits constant absolute risk aversion. If the
manager's utility function exhibits decreasing (increasing)
absolute risk aversion, the firm's violation increases (de-
¢reases) with a parametric increase in its gross profit or an
increase in its endowment of permiits.

Violation levels of non-compliant firms are independent
of their parametric differences and their initial allocations
of permits if the firms’ managers have utility functions that
exhibit constant absolute risk aversion. This is a gencral-
ization of Stranlund and Dhanda’s (1999) independence
result that they obtained under the assumption ol risk-
neutral managers. However, these results do not hold with
non-constant absolute risk aversion. A firm’s violation is
increasing (decreasing) in its gross profit and its initial
allocation of permits if and only if its manager's utility
exhibits decreasing (increasing) absolute risk aversion.
Managers with decreasing absolute risk aversion take on
more risk as their firms become more profitable. Given a
choice of emissions and permit demand, a higher value of 2
or a larger initial allocation of permits both imply that a
firm is more profitable. I the firm’s manager has
decreasing absolute risk aversion, then higher values of
these parameters (higher profitability) lead the manager to
take on more risk, and hence. to choose a higher violation.
The opposite is true il the manager has increasing absolute
risk aversion, because then he or she is motivated Lo take
on less risk when the firm is more profitable.

The policy implication ol Proposition 3 is that firms’
violations are not independent of parametric differences in
their gross profit [unctions or initial allocations il their
managers are risk averse with utility functions that exhibit
non-constant absolute risk aversion. In principle. then. a
regulator would be able to form a targeted monitoring
strategy based on observable differences in firm’s initial
allocations of permits and on characteristics that determine
their gross profit [unctions. To do so, however, requires
rather detailed information about individual managers’
risk preferences. It is important to note that it is simply not
enough know, or assume, that managers are risk averse. If
risk-averse managers have constant absolute risk aversion.
there is no justification for a targeted monitoring strategy
that is based on firm-level characteristics. A targeted
strategy is justified only when a regulator knows whether
managers have increasing or decrcasing absolute risk
aversion. Unfortunately. it does not seem likely that a
regulator could ever obtain this information. or infer it
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from observations of firm behavior. Thus, although a
targeted monitoring strategy may be justified when firm
managers are risk averse. the information requirements (or
[orming such a strategy are rather severe.

Recull from Proposition 2 that no such asymmetric
information problem exists if the regulatory objective is Lo
induce full compliance. Allowing imperfect compliance
without the information required to lorm a largeted
enforcement strategy implies that the regulator cannot be
certain of individual vielations when risk aversion is
prevalent among the managers ol firms in an emissions
market. Thus, designing an emissions trading policy that
induces full compliance allows regulators to avoid this
uncertainty.

4. Market effects of risk aversion

Up Lo this point the analysis has been conducted under
the assumption of a fixed price for emissions rights.
However. any analysis of compliance behavior under
tradable property rights must ultimately make the price
of these rights endogenous. Perhaps the most important
reason [or doing so is that firms® compliance choices
arce linked together by the market for property rights.
This is one of the features of market-based environ-
mental and matural resource policies that distinguish
them from command-and-control regulations and from
taxes.

Let us consider the following thought experiment. Start
lrom a situation in which all the firms in an emissions
trading program are non-compliant and all their managers
are risk neutral. Then, let us replace a significant number,
but not all, of the firms' managers with risk-averse

managers. Doing so allows us to trace out the effects of

risk aversion on the equilibrium permil price, aggregate

emissions, aggregate violations, as well as the violations ol

the firms with their new risk-averse managers and the
violations of those that keep their risk-neutral managers.

Suppose that a fixed number of emissions permits are in
circulation, and that when all the managers are risk
neutral. all firms violate their permits so thal aggregate
emissions exceed the number of permits m circulation.
Now replace a significant number ol the firms™ managers
with risk-averse individuals. Recall that risk-averse man-
agers will choose lower violations for their firms than their
risk-neutral counterparts. Thus, holding the permit price
constant, the firms that acquire a risk-averse manager will
reduce their vieolations. In principle, these firms could
reduce their violations by purchasing more permits or by
reducing their emissions. However. recall that a firm’s level
of emissions is independent of its manager’s preference for
risk (Proposition 1), Therefore, holding the permit price
constant, firms with risk-averse managers will reduce their
violations by demanding more permits. not by reducing
their emissions.

Clearly the inereased permit demand by the firms who
now have risk-averse managers will increase the equili-

brium permit price. ln response to this increase in the
permit price, all firms will reduce their emissions. To see
why. recall that a firm’s choice of emissions. § = g(z. ). 18
determined from the first-order condition by(q, %) = p.
From this condition obtain g, = 1/by, <0. which implies
that cach firms’ emissions are decreasing in the price of
emissions permits. (Recall that a firm’s gross profil
function is strictly concave so that h,,<0). Thus. relative
to a situation involving non-compliant firms with risk-
neutral managers, replacing a significant number ol
these managers with risk-averse individuals will induce a
higher equilibrium  permit price and lower aggregale
emissions. Of course. given a fixed supply of emissions
permits. lower aggregate emissions imply lower aggregate
violations. We conclude. therefore. that under market-
based environmental policies with widespread non-com-
pliance, risk aversion is associated with higher permit
prices. better environmental quality, and higher aggregate
compliance.

However, higher aggregate compliance does not imply
lower violations by all firms. In fact, a significant number
of risk-averse managers will lead to higher violations by the
firms with risk-neutral managers. To demonstrate this.
recall that Eq. (7) is the first-order condition for a positive
violation by a firm evaluated al its optimal violation
Flz. ly. 7. p). Also recall that if the firm’s manager is risk
neutral. then R(F. o [y, m.p) = L. From p — nf (&) = 0. then,
obtain &, = 1/n/,, >0, which indicates that the violation of
a firm with a risk-neutral manager is increasing in the price
of permits. Since a significant number of risk-averse
managers will tend to push the equilibrium pernut price
up because they demand more permits. their behavior will
also lead the firms with risk-neutral managers 1o increase
their violations,

Our conclusions about the effects of risk aversion on
translerable permit market outcomes are summarized i
our final proposition.

Proposition 4. Relative 1o a marker involving non-compliant

firms with  risk-newtral managers, an otherwise identi-

cal marker but with a significant monber of risk-averse
mancagers will have (1) a higher equilibrivum permit price, (2)
lower emissions by all firms. (3) lower aggregate vielations,
but (4) higher violations by the firms with risk-neutral
mandagers.

In contrast. risk aversion will have no impact on permit
markets when all firms are compliant. That is, suppose we
started from a situation involving compliant firms with
risk-neutral managers. Replacing some or all of the
managers with risk-averse managers will have no affect
on equilibrium outcomes, because these new managers will
also choose compliance lor their firms. This follows [rom
Proposition 2. which states that a firm’s decision 1o be
compliant is independent of the risk preference of its
manager.

Therefore. the market effects of risk aversion are limited
to situations invelving widespread non-compliance. In
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these cases. risk aversion produces better environmental
quality and lower aggregate violations. However, regula-
tors need to always be aware of indirect price effects under
tradable rights regulations. The lower violations of firms
with risk-averse managers put upward pressure on the
market price of rights, which in turn motivates lirms with
risk-neutral managers toward higher violations.

5. Conclusion

We have examined the consequences of risk aversion on
compliance behavior in markets for pollution control. and
have obtained several new results with significant policy
implications. First, a firm's decision about whether to
comply or net is independenl ol 1ts manager's risk
preference: that is. firms wilth risk-averse managers are
not more (or less) likely to be compliant than firms with
risk-ncutral (or even risk-loving) managers. Thus, if the
objective of a regulator is Lo enforce an emissions trading
policy so that all firms that operate under the policy are
fully compliant, the distribution of risk preferences among
the managers of the firms has no bearing on what is
required to achieve this objective. Moreover, one cannot
justify a  targeted enforcement strategy that involves
monitoring firms with certain characteristics more closely
than others.

However, risk preferences do play a role in determining
the violation levels of non-compliant firms. While non-
compliant  firms  with risk-averse managers will have
lower violations than otherwise identical firms with risk-
neutral managers. the elfects of parametric differences in
firms’ gross profit functions and their initial permit
allocations on their vielation choices depend critically on
their managers’ coefficients of absolute risk aversion. A
firm’s violation is independent of these characteristics 1l its
manager’s coefficient of absolute risk aversion 18 constant
over profit levels. However. higher (lower) violatons are
associated with parametrically higher gross profits and
higher initial permit allocations when a manager’s coeffi-
cient ol absolute risk aversion is decreasing (increasing) in
profit levels.

[n principle, a regulator could target its enforcement
effort based directly on the risk preferences ol individual
managers. or indirectly on differences m  the firms
characteristics. However, doing so first requires that there
is significant non-compliance. Moreover. the regulator
must have detailed information about managers’ risk
preferences, including  whether their utility functions
exhibil inereasing. decreasing. or constant absolute risk
aversion. Although. a targeted monitoring strategy may be
Justified when firm managers are risk averse. the informa-
ton requirements for formimg such a strategy appear
prohibitive.

It is important. however. for regulators to under-
stand  how risk preferences affect the performance of
wadable rights regulations. We have seen that risk

f

aversion will have no impact on markets for pollution

control when all firms are compliant, but may have
significant impacts when there is widespread non-compli-
ance. In these cases. risk aversion 1§ associated with higher
permit prices. lower aggregate violations., and befter
environmental quality.
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Abstract

The application of microwave heating technology to conventional gas stripping processes has been investigated in the remediation off
contaminated drill cuttings. The technical feasibility and limitations ol nitrogen and steam stripping processes are demonstrated, and it is
shown that the combination of microwave heating with the stripping process offers o step change in performance. Order of magnitude
improvements in processing time are shown lor the microwave-assisted processes. as well as greatly improved levels of remediation. The
mechanisms of contaminant removal are discussed. along with the phenomena which oceur with microwave heating processes, The
energy requirements of cach of pure gas and microwave-assisted processes are also discussed. and the potential applications of cach
technology are highlighted relative to the overall remediation requirements,

2007 Elsevier Ltd. All rights reserved.

Kevwords; Microwave heating: Drill cuttings: Gas stripping: Stemm stripping

: Remediation

1. Introduction

Qil contaminated drill cuttings arise from exploratory
drilling operations within the oil and gas mdustry world-
wide, and can conlain significant quantities ol oil from the
drilling fluids. The oil levels within the cultings pose a
significant risk (Melchor et al.. 2002) to both marine and
onshore environments and ecosystems, so the industry has
made significant advances in the development of water-
based drilling fluids to alleviate environmental concerns.
Qil-based muds are still utilised in more demanding drilling
applications such as extended-reach and horizontal wells.
and when boring through poorly consolidated rock
formations. Such drilling 1§ mevitable m mature oil fields
such as the UK and Norwegian North Sea sectors. where
the past exploitution ol the “easy’ reserves means that oil
companies are now chasing the more difficult reservoirs
accessible only with the fatest drilling technology. A recent

UK and EU legislation has prevented the discharge of

cuttings directly into the sea unless the oil levels are below
1% wiw, although the operating companies effectively view
this as ‘zero’ discharge due lo the current technelogical
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limitations in achieving this threshold. Operators in the
Gulf of Mexico are subject 1o a discharge hmit of 6.9% w|
w: however, in future this is likely to become more strict.

1.1. Existing treatment technologies

The only commercially viable treatment strategy used at
present 1s the transport of cuttings to shore and treatment
in a thermal desorption plant. Alternative shore-based
processes such as bioremediation (Pankhania, 2004).
solvent extraction (Guigard and Odusanya. 2004) and
surfactant treatment (Harrison and Zwinderman, 2004)
have proven to be technically viable: however, the
difficulties lie in transporting the drill cuttings to land.
Transporting large quantities ol drilling wastes [rom
olfshore platforms to land poses significant safety and
operational hazards to ol field personnel and also requires
a large bulfer storage capacity due to frequent bad
wedther. This practice is commonplace due ta the lack of
proven technigques for remediation of the cuttings on the
offshore platforms. and it is for this reason that in recent
years significant attention has been paid to the develop-
ment of offshore (reatment methods. Re-injection of drill
cuttings into dedicated offshore dispasal wells has been
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caplored (Jones. 2004). but does not offer a sustainable
solution in the long term.

The major factor which prevents successful shore-based
treatment processes being used on offshore platforms is
space, with maost platforms never designed to house a
cuttings-handling system. The drill cuttings are granular in
nature, and these materials exhibit extremely poor heat-
transler properties. Supplying energy within the depth of a
granular material using conventional heating processes is
very inefficient, and thermal desorption processes which
use Lhis technique require long residence times which
translates to large plant footprints. Microwave heating has
the potenuial to supplement these technologies by dissipat-
ing energy within the depth of the granular material, and
selectively heating only the microwave-receplive compo-
nents without bulk-heating the surrounding inert materials.

L2 Theory of microwave heating

In conventional thermal processing, energy is transferred
to a material through conduction. convection and radia-
tion. In contrast. microwave energy is delivered directly to
malerials through molecular interactions with an electro-
magnetic field. The internal temperature distribution of a
malerial subject to conventional heating is limited by its
thermal conductivity. whereas microwave heating results in
all individual elements of the material being heated
individually, Consequently, heating times using micro-
waves can often be reduced to less than 1% of those
required using conventional heating methods (Meredith.
1998).

There are three generic classifications for the behaviour
ol materials upon interaction with a microwave feld:

I. Transparent (low-dielectric-loss materials}—microwaves
pass through the material with little absorption.
2. Opaque (conductors)—microwaves are reflected by the
material and do not penetrate.
. Absorbing (high-dielectric-loss materials)}—microwaye
energy is absorbed based on the electric field strength
and the dielectric loss factor.

L)

Microwave processing has distinct advantages in the
treatment of materials which contain a mixture of
absorbers and transparent components. Microwave energy
is absorbed by the substances with a high dielectric loss
whilst passing through the low-loss transparent material.
resulting in selective heating. In this case, significant energy
sayings arc possible since the dielectric material can be
heated withoult heating the entire matrix. The power
absorbed per unit volume of material, known as power
density (Pd), is dependent on the dielectric properties of the
material and can be represented by

Pd = 2nfeye”|E. (1

where ['is the microwave frequency, &y the permittivity of
free space (8.85 x 107" F/m). ¢ the relative dielectric loss
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factor and | E| the magnitude of the electric field. A number
of heating mechanisms may occur depending on the
dipolar nature of the material and whether any free
electrons or ions are present. From Hqg. (1) it is evident
that the microwave energy absorbed by a diclectric
materal is proportional to the square of the electrie field
strength. The design of the microwave cavity is critical in
that it can allow very well-defined electric ficlds n a
relatively small volume (single-mode cavity). or can permit
the electric fields to encompass a much larger volume.
albeit with a compromise in the field definition (multimode
cavity). With single-mode cavities the high electric field
strength results from superposition of reflected waves,
hence the geometry of the cavity 15 dependent on the
microwave frequency.

Few workers have specifically studied the remediation of
drill cuttings: however. there has been significantly more
research carried oul into the freatment of contaminated
soils. a system which also contains a mineral phase. water
and an organic phase. By far the most common method of
soil remediatlion is gas stripping with a heated gas stream.
with Lord (1998) and Braass et al. (2003) demonstrating
steam stripping (or the removal of organic contaminants.
Enhanced soil stripping processes have also been reported,
with Buettner and Daily (1995) demonsirating an air
stripping system which utilised electrical heating of the
bulk contaminated soil. Higher temperatures have been
shown to enhance contaminant removal in soil stripping
processes (Pina et al. 2002), and the limitations of
conventional heating have been identified by Di et al.
(2000). who demonstrated a microwave-assisted stripping
process lor soil remediation. In the latter case, nicrowaves
were used to generate steam from wet soil, with the steam
forming & medium to desorb or entrain the organic
contaminants. Our previous work has studied a range of
parameters such as electric field strength and treatment
time on the microwave processing of contaminated drill
cuttings (Shang et al., 2005, 2006); however. the potential
of microwaves to enhance a stripping process was nol
studied. The significance of previous studies was the
identification that the contaminant molecules are generally
microwave transparent. In both the treatment ol drill
cuttings and contaminated soils it 1s the water within the
media which absorbs microwaves, with the energy then
transferred to the contaminants to promote their removal.
This is intuitively a somewhat inefficient desorption
mechanism; however, Lhe advantages result from volu-
metric heating rather than selective heating. Microwave
energy can be absorbed very rapidly within the depth of the
contaminated material, without relying on conventional
heat transfer.

Many stripping processes utilise a hot gas o supply
energy to a bed of solids, due to the low thermal
conductivity of the bed. Such processes thercfore have
the potential to benefit from the introduction of microwave
energy. as the stripping gas could be used only 10 enhance
the mass transfer rather than provide thermal energy. This
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study focuses on the use of microwaye treatment to
enhance steam and nitrogen stripping of contaminated
drill cuttings in particular. and the applicability to wider
desorption and stripping processes is also discussed as well
as scale-up issues.

2. Experimental
2.1 Apparatus

The stripping experiments were carried out using fixed
bed of contaminated drill cuttings within a single-mode
microwave apparatus. A schematic of the experimental set-
up is shown in Fig. [.

Microwaves generated at 2.45GHz using a
magnetron connected to a 0-1kW power supply. From
the magnetron the microwaves travel down a waveguide
(WR 340) to the single-mode applicator, which consists of
a tower of circular cross-section positioned towards the end
of the waveguide. The sample bed comprised 30g of
contaminated drill cuttings contained within a  glass
reactor, which was located within the tower and clamped
in position. The stripping gas was introduced from under
the bed of sample, which rested on a sintered support
material. Nitrogen was supplied from compressed cylin-
ders, and steam supplied from a portable steam generator.
The stripping gas to be used was passed through a heater
and a flow meter before entering the microwave cavity. In
both cases the temperature and flow rate were maintained
at 120°C and 101imin, respectively. Whilst not the optimal
desien in terms of stripping. the equipment had Lo be
compalible with the 2.45GHz single-mode microwave
system, This effectively placed limitations on the width of
the glass reactors that could be employved, with 40 mm the
maximum due to the wavelength of the microwaves at this
frequency. The moveable piston and stub-tuners were
positioned such that the region of high electric ficld
intensily was located within the tower where the sample
was located, and this was achieved by monitoring the
amount of power reflected. Any microwave energy not

were

Stub-tuner

Magnetron \
I

absorbed by the sample travels back down the waveguide
and is absorbed by the circulator. which is connected to a
cooling water supply.

Experimental sequences were performed in triplicate,
with one representative set of results shown in cach ol the
following figures. The variability in oil contents at
equivalent conditions in different experiments was less
than 0.2% wiw.

2.2, Materials

Drill cuttings samples were supplied by BP [rom their
commercial North Sea drilling activities. and contained
12% water and 10% oil (weight basis). The water content is
below ils saturation level. Oil and waler contents were
measured using solvent extraction technigques and verilied
by thermo-gravimetric analysis (TGA). Solvent extraction
was performed using dichloromethane (DCM) in 4
Soxhlet-extractor. where up to 10g of drill cuttings were
contacted with 100ml of boiling DCM for 6h. The
composition of the oil is consistent with its function as a
base [uid for the drilling industry, and is composed
primarily of n-alkanes in the Cj2-Cy, range. with less than
[ % aromatics and an end-pomt ol 250 'C. The contami-
nated drill cuttings used for this study were of the order of
3-10mm in diameter.

3. Results and discussion

To fully assess the effect of the microwave energy.
stripping experiments were performed with both nitrogen
and steam without the application of microwaves. In both
cases the temperature of the gas entering the reactor was
120 °'C. and gas flow rates set to 101min. A modified
Reynolds Number. Re¢' =15, was used based on the
average particle diameter within the bed and the superficial
eas velocity, This corresponds (o the transition region
between laminar and turbulent flow (Perry and Green,
1997). and was the maximum velocity which could be
attained without fluidising the bed. Although fluidised bed

Condense and
Vent

Sample

H_H"_/ Moveable Piston

Cooling water

Circulator

2

Sintered Support

Gas Inlet 7 @

lig, |, Schemutic of single-mode microwave-assisted stripping apparalus.
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systems are clearly of interest. this study was restricted to
[ixed-bed gas stripping systems in order that the interaction
between Lthe material and the clectric feld could be more
easily controlled.

Fod. Hot gay stripping resulty

Lising gas stripping alone yiclds the results shown in
Fig. 2. where it is apparent that a significant fraction ol oil
can be removed from the contaminated drill cuttings using
u simple lixed-bed arrangement. Tn order that the current
environmental discharge limit for dnll cuttings is achieved.
the o1l removal elficiency needs to be of the order ol
90-93%. and Fig. 2 shows thal neither nitrogen nor steam
15 able to reach this value. OF note is that a very large
number of bed volumes ol gas are required 1o remove the
oil, and the economic implications of this are discussed
later in this paper.

Steam appears to be more beneficial than nitrogen in
removing oil from the contammated drill cuttings. and this
s due o unigue phenomena assoclated with  steam
stripping. When two immiscible phases are present together
(e.e. ail and water in contaminated dnll cuttings), the
boiling point ol the mixture can be considerubly lower than
the boiling point ol either of the pure components. The
vapour pressure ol immiscible liquids is equal to the sum of
the vapour pressures ol the individual components. which
means that the boiling point of such a mixture depends
only on temperature and not on the concentration of either
component, In this case the boiling range ol oil and water
in deill cuttings can be estimated by assuming that each
Liguid is well mixed within the contammated cuttings.
However. this analysis pertains only Lo “lree’ water and oil
and not that adsorbed to the surface of the rock or trapped
within capillaries. The oil used in drill cuttings contains a
wide runge ol hydrocarbons, so he properties of both u

heavy and light fuel oil have been used as a reference

(Spiers. 1962). Fig. 3 shows the resultant vapour prossure
for mixtures of water and (wo Tuel o1ls,

1t can be seen in Fig. 3 that the boiling point of the oil;
water phases is much less than the temperature of the
stripping gas. hence thermal desorption can be induced
from the hot gas. This will occur with both nitrogen and
steam as water is present within the contaminated cuttings;
however. the nitrogen will remove water as well us oil
whereas the steam will partially replenish the lost moisture.
Once the free water 18 lost the remaining contaminant oil
must be stripped vig a conventional solubility process or
desorbed al lemperatures in excess of its end-point, 1.e.
250 C. Referring to Fig. 2. when (he nitrogen stripping
process approaches 60% oil removal, it appedars that this
point hus been reached as the further removal of oil
becomes more difficull. When steam 1s used, however. Lhe
water is replenished meaning that more of the oil can be
removed below its normal hoiling point. In this particular
case around 80% of the oil can be removed with steam
compared o just over 60% with an equivalent flow rate of
nitrogen. This finding is not surprising viven the wide-
spread use of steam stripping in the industrial extraction of
high-molecular-weight organic molecules such as perfumes
and “essentiul oils’. The adyantage of stecam stripping is that
extractions can be performed without inducing thermal
decomposition o the organic molecules ol interest,
particularly when the organics are of high value. In the
cuse of contaminated drill cuttings the organic phase is
more rabust. not undergoing thermal decomposition until
temperatures in excess of 600 °C are reached.

It has been shown that the technical limitations of
nitrogen and steam stripping are their inability to remove
sufficient quantitics ol oil for disposal of the drill cuttings.
and this is most likely o arise from poor heat and muss
transfer, Water in the contaminated drill cuttings occurs
primarily from that trapped within the rock lormations
which are being drilled. and hence the water is present both
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lig. 4. Diagram showing the make-up of oil contaminated dnll cutlings:

externally and within the pores of the cuttings. The o1l 15
not present in the rock formations. and occurs only as a
contaminant from the drilling fluid. For this reason most of
the oil occurs on the surface of the contaminated cuttings.
with small amounts likely to have diffused into the pore
structure during storage or been [orced mto the pores in
high-pressure well sections. Fig. 4 shows the structure of
the drill cuttings and the areas where oil and water occur.
Fixed-bed gas stripping processes appear Lo be adequate
for the removal of the surface contaminants. but are
inefllicient at removing the oil which is trapped within the
pores of the material. The bulk of the gas stream passes
between particles in the bed and not within the pore
structure of the cuttings. therefore any oil contained in the
pores is not heated appreciably by the gas passing through
the bed., Without the addition of heat the oil cannot
thermally desorb, relying only on diffusion toward the
surface of the material where it can be removed in the
stripping gas. I energy was supplied within the pore

structure rather than at the surface. thermal desorption
could be induced and rates of diffusion could be enhanced.
It is here that the volumetric heating phenomenon
associated with microwave heating offers considerable
advantages over conventional gas stripping processes.

-

3.2, Microwave-ussisted siripping

Equivalent experiments were performed in which con-
taminated drill cuttings were treated with a stripping gas
but also subjected to a single-mode microwave field.
A microwave power of 0.8kW was applied throughout
the duration of the test. with treatment time as the variable.
The results are demonstrated in Figs. 3 and 6 Tor nitrogen
and steam. respectively.

In both cases the application of microwaves resulls in
improved levels of oil removal and also much Taster
desorption kinetics. After 2min of treatment the micro-
wave-gssisted nitrogen stripping process was able 10
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remove 95% of the oil compared to just 18% for the gas
alone. This is due to the rapid dissipation ol microwave
energy within the depth of the bed of contaminated
material and results in an order of magnitude increase in
the rate of desorption. The water trapped within the pores
absorbs the microwave energy and converts to steam,
which then entrains the contaminant oil as it passes from
the pores into the bulk gas. Measurement of temperatures
within the bed in a microwave environment is not a trivial
exercise, and could not be performed i this particular
experimental set-up. Given that water is the only micro-
wave absorbing species within the contaminated matrix
(see Table 1), it i3 unlikely that the temperature will exceed
100 C as the lormation of steam will leave behind a
material which is depleted in its microwave absorbing
capability. In the case of steam stripping the microwave
treatment again improved the desorption kinetics but not
to the same extent as with the nitrogen process, with 80%

Table |
Dielectric properties and penetration depths of various substances at 25 'C
and 2.45GHz

Substance & i Dp (em)
Fuel oil 2.0 0.002 137§
Feldspar 2.6 0.02 |57
Quarltz 3K 0.001 3799
Mica 1.6 0.005 4493
Water 77 13 1.3

oil removal achieved after 2min compared to 93% wilh
nitrogen. Intuitively one would expect an even greater
improvement when microwaves are applied given that
steam alone is able to remove 55% of the oil: however, the
findings can potentially be explained by considering the
extra deposition of water caused by the passing steam.
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The extra water deposited within the sample increases
the overall dielectric loss factor (") of the material. so from
Eq. (1) the indication is that the Pd will be increased. This
is likely to be the case, however. the deposited water occurs
on the surface of the sample and within the macropores
between agglomerates; however, the majority of the oil
which occurs in these regions will have been removed so the
microwave energy dissipated in this arca is being expended
on vapourising more water rather than desorbing the
contaminant oil. The extra water present on the material
surface and within the macropores causes some of the
microwave energy lo be absorbed, meaning that less
penctrates into the depth ol the sample where it is required.
Referring to Eq. (1), the presence of surface water means
that |£| is diminished within the depth of the material and
hence the Pd and desorption rate are also decreased. Any
dielectric matenal will cause the electric field intensity to
diminish throughout the malterial depth as encrgy is
dissipated. A nominal quantity termed the penetration
depth (Dp) is defined as the depth at which the electric field
intensity falls to 1/e (0.368) of its surface value, and may be
approximated by

W

ol 7
2me’ @)

Dp
The electric flield intensity within the bed of contaminated
drill cuttings therefore depends on the material dielectric
properties and also the wavelength of the microwaves,
Substances with relatively high values of ¢ and & vield
lower penetration depths than materials which are more
microwave (ransparent. Table 1 details the penetration
depths for the components of the contaminated drill
cuttings used in this work and at the operating frequency
ol 2.45GHz.

In fuel oils and those minerals present in shales, clays
and sandstones, the penetration depth is orders of
magnitude greater than m water. Although the value of

12
-1

surrounding rock material, it does not totally prevent the
microwaves from reaching into the depth of the bed within
the reactor. What the penetration depth calculations do
suggest, however, 1s that the electric field intensity in the
centre of a wet bed of material will be less than that in a
bed with no surface water present. The extra surface water
deposited by the steam therefore causes microwave energy
to be dissipated at the surface of the bed. and reduces the
Pd within the pores. For this reason, a process which uses a
dry gas (nitrogen in this case) will allow the microwaves to
target the oil trapped deep within the material pores and
result in both greater removal efficiency and improved
desorption kinetics.

3.3. Energy requirements

The energy consumptions of the pure gas and micro-
wave-assisted stripping processes were calculated based on
the sensible and latent heats ol the gas and the applied
microwave power. Since microwaves are used in combina-
tion with the stripping gases it is clear that more power will
be required for the microwave process albeit for less time.
The energy consumption values are shown plotted against
the amount of contaminant o1l removed so that a mean-
ingful comparison can be made, and these data are shown
in Fig. 7.

It is shown that steam stripping is the most inefficient
process. with the microwave-assisted and nitrogen strip-
ping processes requiring approximately the same energy
input to recover 60% of the oil. To attain oil recoveries
above 60% the microwave-assisted process appears to be
more efficient. The data shown in Fig. 7 can be combined
with the desired process specifications to enable the
appropriate process route to be chosen. For example, to
recover thermally sensitive compounds of a high value then
steam stripping may be the only technically viable option.
despite the higher energy costs. To remove over 60% of the

1.3em for water is appreciably lower than that for the  contaminant, or if rapid kinetics are required. then
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Fig. 7. Energy reguirements per kg of contaminated cuttings to attain specific levels of oil removal.
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microwave-assisted stripping processes offer significant
adyvanlages over convenlional gas stripping. Finally. if
only a small fraction of the contaminants are to be
removed and i slow desorption kinetics are acceptable
then nitrogen stripping will offer similar efficiencies as the
microwave treatment process but without the need for
the installation of microwave hardware. Of note is that the
temperature of the stripping gas will also influence the
kinetics and efficiency of oil remediation, and this will be
addressed in future work,

4. Future development and applications

This article has shown how microwave treatment can be
dpplied to gas stripping processes, and the example of
contaminated drill cuttings can be applied to a range of
other systems where energy needs to be supplied within the
depth of solid or granular materials which are hetero-
geneous in nature. Potential examples include the remedia-
tion of contaminated soils. the extraction of oil rom tar
sands and the rapid drying of powders. Of particular
mterest iy Lhe molecular weight of the contaminant
molecules that can be removed using microwave heating
as this study has focused on a relatively light organic
contaminant. The issue of penetration depth highlighted in
this article presents a significant challenge in the seale-up of
microwave processes for industrial applications, where the
quantities of material for processing will be such that
the penetration depth could be exceeded. In this case
the process mechanisms and knowledge obtained in batch
experiments al 2.45GHz can be used lo design specific
microwave application systems at lower frequencies (typi-
cally 896 or 433 MHz), where the penetration depth is
increased. The design and implementation of such systems
requires extensive knowledge of the dielectric properties of
the process materials, along with detailed modelling of
electric  field distributions and interactions with the
microwave cavity and the process material. The impor-
tance of materials handling and process engineering issues
is also a major factor in scale-up, and the authors’ current
work involves the construction and testing of continuous
microwave treatment systems at pilot scale. The findings of
that study will be reported at a later date.

5. Conclusions

It has been shown that microwave-assisted stripping
offers clear process advantages over conventional gas
stripping operations. For removal of more than 75% of
the contaminant the microwave-assisted process was the
only one which was technically feasible, and offered the
most efficient process route for contaminant removal levels
over 60%., 1t is also demonsirated that desorption kinetics
are greatly improved using a microwave-assisted process.
with the potential benefit of higher throughputs or shorter

process times, Where only a small amount of remediation is
required a nitrogen stripping process is shown fo he
adequate provided the slow desorption Kinetics are
acceptable. Steam stripping was shown to be the least
energy efficient technology. and was also less technically
capable than nitrogen stripping when used in conjunction
with a microwave process due to issues of penetration
depth. The ability of steam stripping processes Lo desorb
thermally sensitive organic contaminants at low tempera-
tures is a clear advantage; however, the application of
microwaves to this process i shown (o improve the
desorption rate.
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Abstract

Water pinch analysis (WPA) is a well-established tool for the design of a maximum water recovery (MWR) network. MWR. which is
primarily coneerned with water recovery and regeneration. only partly addresses water minimization problem. Strictly speaking, WPA
can only lead to maxinm water recovery targets as opposed Lo the minimugn water targets as widely claimed by researchers over the
veurs, The minimmm water targets can be achieved when all water minimization options including elimination. reduction. reuse/recycling,
outsoureing and regeneration have been holistically applied. Even though WPA huas been well established for synthesis of MWR
network. research towards holistic water minimization has lagged behind. This paper deseribes a new holistic framework for designing a
cost-efTective minimum water network (CEMWN) for industry and urban systems. The framework consists of five key steps, Le. (1)
Specify the limiting water data. (2) Determine MWR targets., (3) Screen process changes using water management hierarchy (WMH). (4)
Apply Systentatic Hicrarchical Approach for Resilient Process Screening (SHARPS) strategy, and (5) Design water network. Three key
contributions have emerged from this work. First is a hierarchical approach for systematic sereening of process changes guided by the
WMH. Second is a sel of four new heuristics for implementing process changes that considers Lhe interactions among process changes
options as well as among equipment and the implications of applyving each process change on utility targets. Third is the SHARPS cost-
sereening technigque Lo customize process changes and ultimately generate a minimum water utilization network that is cost-effective and
affordable. The CEMWN holistic framework has been suceessfully implemented on semiconductor and mosque case studies und yiclded
results within the designer pavback period eriterion.

2007 Elsevier Lid. ATl rights reserved.

Kepwords, Minimum water network: Waler management hierarchy; Water pinch unalysis: Maximum waler recovery: SHARPS

1. Introduction

The world is on the brink of a water crisis. United
Nations in World Water Day 2002 has warned more than
2.7 billion people will face severe water shortages by 2025
(BBC News. 22 March 2002). Shortage ol quality raw
water. rising costs of water management and drive towards
environmental sustainability have encouraged widespread

*Corresponding guthor. Tel: —60 735335512 or + 607 5335609;
faxe 60T SR 1463

Epad] wedddresses: shashaad (kklcsautmomy (SR, Wun Alyi),
g fkkksa.ntm.my (7.4, Manan).

O30 1-479775 - see (ront matter © 2007 Elsevier Lid, All rights reserved.
dar D106 jenyman 2007 02.011

water conservition efforts and stimulated the development
of systematic techniques for water minumization.

Over the past decade. the advent of water pinch analysis
(WPA) as a tool lor the design of a maximum wialer
recovery (MWR) network has been one of the most
significant advances in the arca of water minimization.
Since its introduction by Wang and Smith (1994). various
noteworthy WPA developments on targeting, design and
improvement of an MWR network have emerged. These
include works on processes with flixed flow rate and fixed
concentration (Dhole et al.. 1996: Sorin and Bedard. [99Y:
Hallale. 2002; Manan et al.. 2004a). regencration largeting
(Kuo and Smith, 1998; Castro et al., 1999),

water largeting (Manan et al.. 2004). network design to

n lIlTlel'lL'l'I.l
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Nomenclature
Acronym
AHU  air handling umits

BOD  biological oxygen demand
CEMWN cost effective minimum water network

COD  chemical oxygen demand
T cooling tower

D demand

D1 deionized waler

EDI electrodelonization
Fab Fabrication plant

FW [reshwater

HF hydrogen Auoride

IAS net capital investment vs. nel annual savings
plot

IPA isoprapyl-butanol

IWT  industrial wastewater trealment
MAU  muake-up air units

MMF  multimedia filter

MWN  minimum water network
MWR  maxmmum waler recovery

MySem semiconductor company
NAS  npet annual savings

NCT  net capital investment
ppm  parts per million

RO FCVETSE OSNTOSIS
RW rainweler
5 souree

SHARPS systematically hierarchical approach lor re-
silient process screening

TDS  total dissolved solids
TSS total suspended solids
UF ultra filtration

UPW  ultra pure water

uv ultraviolet

WB wet bench

WCA  water cascade analysis

WPA  water pinch analysis

WMIT water management hicrarchy
WPA  water pinch analysis

WW wastewlter

Svnhols

Croe costs per unit Lime for energy lor waler
Processing

Cpw  costs per unit time [or (reshwater

Cie Instrumentation cosl

Cpy. purchased cquipment cost

Cpp purchased equipment installation cost

Clripime  Piping cost

Cyww  costs per unit tle for waslewater disposal

3 flow rate

Fisenund el Mitial demand flow rate

ey deionized water flow rate

Frinr e itial electrodeionization flow rite before
analysis

Fepy ey New electrodeionization flow rate after analy-
18

Frw freshwater flow rate

Frw il Initial reshwater flow rate belore analysis

Few e new Treshwater flow rate aller analysis

Flicarerwiion mui nitial heater WBILOI Now rate before
analysis

Freserwiinr vew new hedter WBIOL Now rate aller

gnalysis

Flaerat new Dew internal pumping flow rate after
analysis

Fiaiernal wiga il internal pumping fow rate before
analyvsis

Frwr  industrial wastewater fow rate

Fiwr inng initial industreial wastewater flow rate helore
analysis

Firwt new new industrial wastewater flow rate after
analysis

B minimum point

g nitial multimedia filter inlet flow rate

before anulysis

Farsmt new new multimedia filter inlet Jow rate after
analysis

Fant minimum utility flow rate

Fipy oplimunm point

Flirource outsource flow rate

Fam

Fas regeneration flow rate
Fiope reuse flow rate

" eradient

i, aradient of line /

OC s case OPeraling cost of base case water svstem
OC . operaling cost of new water system
P purity

(4 concenlration TPP total pavback period
Ce costs per unit time for chemicals used by water TPPs total pavback period after SHARPS
system TPPrs total payback period before SHARPS
CChise case capital cost of base case water system TPP, desired payback period specified by designer
CCliw sysiam vapital cost of new water system N summafiion
achieve water targets (Wang and Smith. 1994; Takama Shenoy. 2005). problems with multiple contaminants

cl al. 1980; Olesen and Polley. 1997; Castro ¢t al.. 1999;
Polley and Polley. 2000: Hallale, 2002: Prakash and

(Huang ¢t al.. 1999; Benko et al., 2000: Xu ¢t al.. 2003:
Koppol et al.. 2003: Ullmer el al.. 2005). water network
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retrofit (Tan. 2005) and water targeting for batch systems
(Wang and Smith, 1995; Foo et al., 2004, 2005).

Wan Alwi et al. (2004) had recently made the first
attempt to implement WPA on urban system by using their
Water Cascade Analysis (WCA) technique to establish
waler targets and design an MWR network for a mosque,
Geldermann ¢t al. (2003) introduce the multi objectives
pinch analysis (MOPA) which combines multi criteria
targets for minimum energy, wastewater and volatile
organic compounds. Mariano-Romero et al. (2005) in-
corporates the minimum freshwater consumption and
infrastructure target for multiple contaminant systems.
Most researchers claim that their methods ultimately lead
to the minimum f(reshwater and wastewater targets.

It is important to note that the concept of MWR which
relates to maximum reuse. recycling and regeneration
(partial treatment before reuse) of spent water has two
limitations. Firstly, MWR only partly addresses the issue
of water minimization which should holistically consider
all conceivable methods to reduce water usage through
elimination. reduction. reuse/recycling, outsourcing and
regeneration (Manan and Wan Alwi, 2006). Process
modifications such as elimination and reduction should
be among the prime strategies to consider for water
minimization. Regenerating wastewater without consider-
ing the possibility of elimination and reduction may lead to
unnecessary treatment units. Secondly. since MWR focuses
on water reuse and regeneration. strictly speaking. it does
not lead to the mininum water targeis as widely claimed by
researchers over the years. We hereby term the water
targets associated with MWR network as the maxinum
water recovery targets (IMWR targets). On the other hand,
the miininmum water iargets can only be achieved when all
options for water minimization have been holistically
applied.

Even though WPA has been well established for
synthesis of MWR network, research towards waler
conservation [rom the holistic water minimization view-
point as mentioned previously has significantly lagged
behind. The use of water minimization strategies beyond
recycling was first introduced by El-Halwagi (1997) who
proposes a targeting technique involving water elimination.
segregation, recycle, interception and sink/source manip-
ulation. Hallale (2002) introduces guidelines for reduction
and regeneration based on WPA. However, the piece-meal
water minimization strategies proposed do not consider
interactions among the process changes options as well as
the “knock-on effects™ of process modifications on the
overall process balances, stream data and the economics.
There is a clear need to develop a framework to address
water minimization holistically, systematically and cost
effectively.

This work describes a new holistic framework for water
minimization applicable to industry and urban sectors.
Two key features of the new framework are the water
management hicrarchy (WMH) as a guide to prioritize
process changes and the Systematic Hierarchical Approach

for Resilient Process Screening (SHARPS) strategies as a

new cost-screening technique. We began by explaining
WMH as a foundation for the holistic framework. This is
followed by descriptions of a five-step methodology for
designing a cost-effective minimum waler utilization net-
work (CEMWN). We then demonstrate the step-wise
application of CEMWN methodology on a semi-conductor
plant and a mosque. The paper concluded by comparing
the outcomes of applying various approaches for water
minimization.

2. The water management hicrarchy

Fig. | shows the WM hierarchy consisting of five levels,
namely (1) source climination. (2) source reduction. (3)
direct reuse/outsourcing of external water, (4) regeneration,
and (5) use of freshwater. Each level represents various
water management options. The levels are arranged in
order of preference, from the most preferred option at the
top of the hierarchy (level 1) to the least preferred at the
bottom (level 5). Water minimization is concerned with the
first to the fourth level of the hierarchy.

Source elimination at the top of the hierarchy is
concerned with the complete avoidance of freshwater
usage. Sometimes it is possible to eliminate water rather
than to reduce, reuse or recycle water. Examples include
using alternative cooling media such as air instead of water.
Even though source elimination is the ultimate goal. often.
it is not possible to eliminate water completely. One must
then try to reduce the amount of water being used at the
source ol water usage. ie., cerlain equipment or process,
Such measure is referred to as source reduction, which is the
next best option in the WM hierarchy (level 2). Examples
of source reduction equipment include water saving toilet
flushing system and automatic tap.

When it is not possible to eliminate or reduce freshwalter
al source. wastewater recycling should be considered.
Levels 3 and 4 in the WM hierarchy represent two difterent

(2) Source.
Reduction

(3) Direct reuse/
Qutsourcing of external water

Inereasing Priority

(4) Regeneration Reuse

(5) Fresh Water

Fig. 1. The water management hierarchy.
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modes of water recyeling—direct rewse/outsourcing (level 3)
and regeneration reuse (level 4), Direct reuse or outsourcing
may involve using spent water from within a building or
using an available external water source (e.g. rainwater or
river water). Through direct reuse (level 3), spent water or
external water source is utilized to perform tasks which can
aceept lower quality water. For example. wastewater from
a toilet wash basin may be directly channeled to a Loilet
bowl lor toilet Aushing. Rainwater, on the other hand may
be used for tasks which need higher quality water such as
for ablution. However. in most domestic appliciations.
regeneration (level 4) may be necessary prior to recycling.

Regeneration refers to treatment ol wastewaler or even
external water source to malch the qguality of water
required for further use. There are two possible cases of
regeneration, Regeneration—recycling imvolves reuse ol
treated water in the same cequipment or process after
treatment, Regeneration-reuse involves reuse of treated
water in other equipment alter treatment. To increase
water availability. the waler compesite curves and the
pinch concentration can be used to guide regeneration of
waler sources as [ollows (Hallale. 2002):

L. Regeneration above the pinch: Water source(s) in the
region above the pinch are parually treated to upgrade
its purity.

. Regeneration across the pincli: Waler source(s) in the
region below the pinch are partially treated 1o achieve
purity higher than the pinch purity.

3. Regeneration below the pinch: Water source(s) in the
region below the pmch are partially treated 1o upgrade
its purity. However, the resulting water source is still
maintained below the pinch.

I3

Note that. regeneration above and across the pinch will
reduce (he [reshwater consumption and wastewater gen-
eration while regeneration below the pinch will only reduce
wastewater generation. Fig. 2 defines the regions above,

[ dowrnal af Environmentad Manggenrent 88 2008 219232

Freshwater usage (level 3) should only be considered
when wastewater cannetl be reeyeled or when wastewalter
needs to be diluted to obtain a desired purity. Note that
wastewater has to undergo end-of-pipe treatment before
discharge to meet the environmental guidelines. Use of
[reshwater is the least desirable options trom the waler
minimization point of view and 1s (0 be avoided whenever
possible. Through the WM hierarchy. the use of freshwater
may not be eliminated. but it will hecome economically
legitimate.

3. A holistic framework for design of cost effective minimum
water network (CEMWN)

The cost effective minimum water network (CEMWN)
design procedure 18 a holistic framework for walter
munagement applicable to industry and urban sectors.
Fig. 3 illustrates live key steps involved in generating the
CEMWN, ie. (1) Specify limiting water data, (2) Deter-
mine the maximum water recovery (MWR) largets, (3)
Sereen process changes using water management hierarchy
(WMH) and (4) Apply Sesiematic Hievarchicul Approach

for Resilient Process Screening (SHARPS) strategies (35)

Design CEMWN. The first step is to identify the
appropriate water sources and water demands having
potential for integration. The next step is to establish the
MWR targets using waler cascade analysis (WCA)
technique by Manan et al. (2004). The WMH along with
a set of new process screening heuristics is then used to
ouide process changes to achieve the minimum waler
targets, The fourth step is to use SHARPS strategies (o
economically  screen  inlerior  process changes. The
CEMWN is finally designed usimg established techniques
for design of waler network. The step-wise approach is
described in detuil next.

3.0 Step 1 specify the limiting water datd

The lirst step was to specify the limiting water data. This
involved process line-tracing. establishing process material

(Tewer concentration)

below and across a pinch point 1in a water cascade table.
Interval . Cumulative pure water
n Cippmy Puriy, Py L Fetidayy  surplus (t/day )
€ Py Above pinch
& 2
(}{Pineh) / Across pinch

Below pinch

s P,

(higher concentration)

Fig. 2. Pinch lociation and concentration regions m & water cascade table.
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v

(1) Specify Limiting
water data

v

(2) Set MWR Targets

v

(3) Screen Process
Changes using WMH

ol

All WMH levels
explored?

Yes

l MWN Targels ‘

No

(4) Apply SHARPS

l CEMWN Targets }47

v

(5) CEMWN design

Fig. 3. A holistic framework 1o achieve CEMWN.

balances and isolating the appropriate water sources
(outlet streams with potential to be recycled) and water
“demands™ (inlet streams representing process water
requirements) having potential for integration. The waler
sources and demands were listed in terms of quantity (flow
rate) and quality (contaminant concentration). In a water-
intensive process plant, specifying the limiting data 1s a
very tricky and time-consuming exercise and is typically the
bottleneck, and more importantly, the critical success
factor for a water minimization project. To isolate the
relevant limiting data. readers are referred to Liu et al.
(2004). Practical steps and rule-of-thumbs for selecting
candidate process units for water-saving projects. extract-
ing the right data. preparing a water balance diagram and
isolating the candidate water sources and demands are
discussed 1n detail.

The problem can be modelled as a single contaminant or
a multiple contaminant system based on the water quality
requirement of a process plant. Most of the mathematical
modeling-based multi objective water pinch analysis
(MOPA) solution by previous workers implements the
multiple contaminant approach. However, the problem
mvolving multiple contaminants involves complex model-
ling procedure and may be difficult to set up especially by
industrial users,

An alternative is to use aggregated contaminants such as
total suspended solids (TSS) or total dissolved (TDS) solids

that allows multiple quality factors to be modeled as a
single contaminants system (The Institution ol Chemical
Engineers, 2000). The aggregated contaminants modclled
as a single contaminant are known as pseudo-single
contaminanl system. The proposed network then needs
to be reassessed by checking that all other contaminant
concentrations not considered are still within allowable
limits before implementation. The single contaminant
approach is used in this work. Note that the MOPA
approach can be incorporated in the CEMWN [ramework
to consider multiple contaminant systems and to address
problem dimensionality.

3.2. Step 2: determine the maximum water recovery
(MWR) targets

The second step was to establish the base-case maximum
water recovery (MWR) targets, i.e. the overall freshwater
requirement and wastewater generation. Note that the
base-case MWR targets exclude other levels of WMH
except re-use and recycling of available water sources and
mixing of water sources with freshwaler to satisfy water
demands.

Established graphical and numerical techniques for
setting the MWR targets are widely available. Some
popular ones like the concentration composite curves
(graphical approach—Wang and Smith (1994) and Liu et
al. (2004)). concentration interval table for mass exchange
network (numerical approach—El-Halwagi and Manou-
siouthakis, 1989) and mass problem table (numerical
approach—Castro et al.. 1999) however are only ideal for
fixed flow rate cases where water-using processes are
modelled as mass-transfer based operations involving
water as a lean stream or a mass separaling agent
(MSA). For an industrial project where flow rate gains
and losses are quite common. it may be necessary Lo
analyze these streams separately and modify the stream
data as done by Liu et al. (2004) if the fixed-flow rate
approach is used. A resilient tool should be able to handle
not just mass-transfer based but also non-mass transfer-
based walter using-operations involving flow rate gain or
losses which include water used as a solvent or withdrawn
as a product or a byproduct in a chemical reaction, or
utilized as heating or cooling media. The water cascade
analysis (WCA) technique by Manan et al. (2004) which fit
the latter category was used in this work.

3.3. Step 3: screen process changes using water management
hierarchy ( WMH )

Changes can be made to the flow rates and concentra-
tions of water sources and demands to reduce the
Maximum Water Recovery (MWR) targets and ultimately
achieve the Minimum Water Network (MWN) benchmark.
This was done by observing the basic pinch rules for
process changes and by prioritizing as well as assessing all
possible process changes options according to the WM
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hierarchy. The fundamental rules Lo change a process
depend on the location of water sources and demands
relative Lo the pinch point of a system:

(i) Above the pinch—beneficial changes can be achieved
by cither increasing the flow rate or purity of a source
or by decreasing the flow rate or purity requirements
of a demand. These changes will increase water surplus

above the pinch thereby reducing the amount of

freshwater required.

(ii) Below the pinch—there is already a surplus of water
below the pinch, hence any flow rate change made
there will not affect the target. An exception to this
rule of thumb is fer a case where a source purity is
increased so thal it moves (o the region above the
pinch as in the case of regeneration.

(iti) At the pinch point—increasing the flow rate of a
source at the pinch concentration will not reduce the
targels.

It is vital to note that implementation of each process
change option will yield new pinch points and MWR
targets. In addition. interactions and “knock-on effects”
between the process change options should also be care-
fully considered. Tt is therefore important that each process
change be systematically prioritized and assessed with
reference (o the revised pinch points instead of the original
pinch point so as to obey the fundamental rules for process
changes listed previously and to guarantee that the MWN
benchmark is attained. Bearing in mind these constraints,
the core of step 3 was the level-wise hierarchical screening
and prioritization of process changes options using the
water management hierarchy (WMH) and the following
four new option-screening heuristics which was sequen-

tially applied to prioritize process changes at each level of

WMH. As described below, not all four heuristics are
applicable at each level of WMH.

Heuristic 1: Begin process changes at the core of a
process.

Heuristic 1 was formulated from the enion model for
process creation (Smith, 1995). Due to interactions among
reaction, separation and recycle. heat and mass exchange
network and utility layers, any changes, such as demand
elimination should be implemented beginning [rom the
core of a process (reaction system) to the most outer layer
(utilities). Excessive water usage at the core ol the system
causes wastage at the outer layers. Hence improving the
core of the system first will eliminate or reduce wastage
downstrean,

Heuristic | strictly applied to the process change options
at levels | and 2 of WMH. Applying heuristic | to various
source elimination options at level 1 of the WMH will lead
to new targets and pinch points. For mutually exclusive
options, the one giving the lowest revised MWR targets
was selected. Heuristic 1 was repeated to reduce water at
WMH level 2 once all elimination options were explored.

Note also that it is quite common for processes o have
independent and non-interacting sources and demands at
various concentrations. For example, redueing water
demand flor a scrubber in a4 wasle treatment system does
not affect the cooling tower demand. In such a case, the
demand flow rate above the pinch (see rule (i) for process
changes mentioned previously) can be reduced using
heuristic 2.

Heuristic 2: Successively reduce all available demands
with concentration lower than the pinch point, beginning
from the cleanest demand.

Note that if a dirtier demand were reduced first followed
by a cleaner demand, it might be found later that
subsequent reduction of a cleaner demand might cause
the dirtier demand to lie below the new pinch point. Such
situation makes the earlier changes to the dirtier demand
meaningless.

If a few demands exist at the same concentration, it 1%
best Lo begin by reducing the demand that yields the most
flow rate reduction to achieve the biggest savings. Then,
proceed Lo reduce the remaining demands that exisl at
concentrations lower than the revised pinch concentration,
as stated in heuristic 3. Heuristics 2 and 3 were applicable
to levels 1 and 2 of the WMH.

Heuristie 3: Successively reduce the demands starting
from the one giving the biggest flow rate reduction if
several demands exist al the same concentration.

There exists a maximum hmit for adding new waler
sources (utilities) either obtained externally such as rain
water. river water. snow and borehole water or by
regenerating wastewater in order to minimize [reshwater
in a water distribution system. It is therefore necessary to.

Heuristic 4: Harvesl outsourced waler or regenerate
wastewater only as needed.

Note that, the limit for adding utilities through out-
sourcing and regeneration corresponds to the minimum
utility flow rate (Fyy) which leads to minimum freshwater
flow rate. To calculate Fyy. the WCA method by Manan
et al. (2004) was used to produce a plot of [reshwater fow
rate (Fpw) vs. the flow rate of external utilities (fy) as
shown in Fig. 4. External utilities added were increased
until the minimum freshwater flow rate became constant.
This point corresponded to the maximum possible

Frwy

Fig. 4. A plot of freshwater savings versus Howrate of added water souree.
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Fig. 6. TAS plot showing the revised total pﬁyback period when the magnitude of the steepest gradient 1s reduced using SHARPS substitution strategy.

freshwater reduction through addition of external ulilities
Fa. A detail explanation on ebtaining multiple Fyy
target using WCA are explained in Wan Alwi (2006).
Heuristic 4 only applies to levels 3 and 4 of the WMH.
The revised MWR targets as well as the four new
option-sereening heuristics were used as process selection
criteria. The screcning and selection  procedure  was
hierarchically  repcated down the WMH levels to
establich the MWN targets which vielded the maximum
scope lor water savings. SHARPS strategy was used next

to ensure that the savings achieved was cost-effective and
alfordable.

3.4, Step 4: apply SHARPS strateyy

SHARPS screening technigue involves cost estimation
associated with water management (WM) options prior to
detailed design. It includes a profitability mcasure in terms
of payback period; i.c. the duration for a capital investment
to be fully recovered. Note that the pavback period



226 SR Wan Alwi et al / Journad of Envivonmetal Managemenr 88 12008 ) 219 232

a C
lr NCI i
NCT i
» >
0 NAS 0 NAS
TiF NCT
- |
0 NAS 0 NAS

Fig. 7. Linearization ol concave curves moving upwards (1) withoul peak (b) with peak. Canvex curves moving upwards linearization (¢} without valles

(d) with valley

Reuse +
Eliminate

Reuse

NCT,.§

TPP gradient

Reuse + reduce

Reuse +
ﬁ"—li-“’ﬂh"'“&: reaeneration

Reuse +

decreases

I

e |

LT
- (fony!

1y |

Ll

| 1
i i [
i | ek
| | - ]
1 | -~ e - |
. [ g, &
: 1 s :
i e |
| 1y

i e |
i = i
| et N :

| [
| I.»' il __5__— |
‘|r; ok == |
> = = |
" e L™ |
iy - | " |
PPy L |y Z./', |
= | s | :
i T "! | |
sie” - c-!l |
3 > / !
P ] |
il \
1

-

NAS. $/yr

Fig. 8. LAS plot showmg (he revised 1otal payvback period with a shorter steepest gradient curve.

calculations for SHARPS us given by Eq. (1} only concerns
the economics associated with design of a minimum water
network as opposed 1o the design of an entire plant

Net Capital Investment($)

Payback period(yr) = — L = 1
HyDRek: periodiye) Net Annual Savings(S/yr) L

Since SHARPS iy & cost-sereening tool, standard plant
design preliminary cost estimation techniques were used Lo
assess the capital and operating costs ol a proposed water
system, The equipment, piping and pumping costs built in
[ig. (2) are the three main cost components considered for a
huilding or a plant water recovery system (Takama et al..
1980: Olesen and Polley, 1997: Hallale and Fraser. 1998:

Alva-Argaez et al.. 1998; Jodicke et al., 2001; Bagajewicz
and Savelski. 2001: Koppol et al., 2003: Feng and Chu,
2004: Tan, 2005: Gunaratman el al.. 2003). The explana-
tion on how to obtain this cost values are deseribed in

Appendix A
ZCC = Cpg + Cpgy + Criping + Cies (2)

where Cp is the total capital cost for the equipment: Cpyy
the equipment installation cost: Cppnne the waler reuse
piping cost mvestment; Cyc-the instrumentation and con-
trols cost investment.

The economics of employing the WM options for
grassroots design as well as retrofit cases were evaluated
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(1) Set I'PE,, (

v

‘ (2) Generate JAS compaosite plot ‘
v
(3} Draw o stradght line connecting the starting point and ‘
the end point of the 1AS plot 1o obtain TP g

.

& (4) Compare TPPg with PP, ‘

I[ TPPy < TPP,, i

{3) Proceed with network design

¢ It TPP > TPP,,

(5) Apply SHARPS strategies |

Fig. 9. The overall SHARPS procedure.
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Fig. 10. MySem de-ionized (D1) plant process low diagram.

by caleulating the net capital investment (NCI) for the
minimum water network (MWN) using Egs. (3) and (4) as
well as the net annual savings (NAS) using Eqs. (5) and (6).
In the context of SHARPS, the NCI for grassroots refers to
the cost difference between the new (substitute) equipment
and the base-case equipment. The base-case equipment is
the initial equipment used before CEMWN analysis. For
retrofit case, the NCI covers only the newly installed
(substitute) system

Net Capital Investment. S{orassrools) = Z L@/ P—

- 5 CChL\h’\.‘ Cises

(3)

Net Capital Investment, ${retrofit) = Z CC oy sysiem:  (4)

where CCrew sysiem 15 the capital cost associated with new
equipment: CCpgee wuse the capital cost [or base-case
equipment.

For example. a new $300. 61 toilet flush gives water
savings of 61 per flush as compared to a 5200. 121 toilet
flush (base case system). For grassroots design. the
pavback period is therefore based on the NCI given by
Eq. (3). 1.e. $100. For retrofit, the payback period is based
on the NCI given by Eq. (4). i.e. 8300,

The net annual savings (NAS) 1s the difference belween
the base-cuase waler operating costs from the waler
operating costs after employing WM aptions as in

NAS = OChusecase— OChews (3)

where NAS 1s the Net annual savings ($/vr): OCh,ecow the
base-case expenses on water (5yr) and QCpey the new
expenses on water after modifications ($/yr).



b
3
oo

Reject water

SR Wan Alwi et al. |/ Jowrnal of Envirenmental Management 88 (2008 ) 219352

e TR R AN EARERE R R AR MR R TR

from LF]
I

H
» .
ﬂ—’{ Cooling tower

B Bvaporates

| "
. _Y = —-—.{ Scrubber ‘ oo Evaporates
| ; Domestic uses }>— e b To sewer system '
’I Abatement "" P ToIwT
H Wet bench 202 cooling }-- ~—= P To IWT
’{ Wet bench 203 cooling -———P ToIWT
AHU system I MALl system
Condensation i Condensation i
|
Y 1o 1wt ¥ Torwr

Fig. 11, Domestic and non-process water uses for MySem.

The total operating cost of a water system includes
[reshwater cost, effluent disposal chares, energy cost for
water processing and the chemical cost as given by

OC = Cew + Cww + Croc + Ce. (6)

where OC is the total water operating cost: Cpw the costs
per unit time for freshwaler; Cyyy the costs per unit time [or
wastewaler disposal; Cgee the costs per unit time for
energy for water processing; Cc the costs per unit time for
chemicals used by water system.

[n order to obtain a cost-effective and affordable water
network thal achieves the minimum walter targets (hereby
termed the cost-effective  mimimum  water  nenvwork
(CEMWN)) within a desired payback period, the new
SHARPS technique was implemented as follows.

Step 1: Set the desired total payback period (TPP,). The
desired payback period can be an investment payback limit
set by a plant owner. e.g. 2 yr.

Step 2: Generate an investment vs, annual savings (TAS)
composite plot covering all levels of the WM-hierarchy.
Fig. 4 shows a sample of the [AS plot. The gradient of the
plot gives the payback period for each process change. The
steepest positive gradient (my) giving the highest mvestment
per unit ol savings represents the most costly scheme. On
the other hand, a negative slope (m3) indicates that the new
process modification scheme requires lower investment as
compared Lo the grassroots equipment,

Note that. since most equipment cost is related to
equipment capacity through a power law, one is more
likely to generate a curved line such as ms. Hence, in such
cases, several data points should be taken to plot a curve
for each process change. As in the case of a linear line. a
curve moving upward shows thal more investment is

B Cooling tower O Scrubber

B Ahatement

@ DI production

0O Domestic uses Wel bench coonling

Fig. 12, Breakdown ol MySem freshwater usage (Octaber 2003).

needed and a curve moving downward shows less invest-
ment is needed with increase in annual savings.

Step 3: Draw a straight line connecting the starting point
and the end point of the 1AS plot (Fig. 5). The gradient of
this line is a preliminary cost estimate of the total payvback
period (TPP) for implementing all options in line with the
WM hierarchy. The TPPgs is the total pavback period
before implementing SHARPS,

Step 4: Compare the TPPgg with the TPP,, (the desired
total payback period sel by a designer).

The total payback period (TPPgs) should match the
maximum desired payback period set (TPP.,) by a
designer. Thus. it is possible (o tailor the minimum waler
network as per the requirement of a plant/building owner.

If TPPpg< TPP.. proceed with network design.

If TPPgs = TPP,, two strategies may be implemented.

Strategy |—Substitution: This strategy involved repla-
cing the equipment/process that resulted in the steepest
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Fabie |
i g water data Yor MySem

229

Demand Fh) C (ppni) Souree F  (ppm)
) MMFE mlet 3240 33 bl MM rinse 133 480
33 Cooling tower 00 100 S2 RO reject 18t pass 9,80 70.4
D] Abatement 23 1) S3 EIDI rejeet 336 48.6
Jd Scrubber (.54 106 S4 WBIOT rinse water. idle (.28 0
B Toilel Nushime D.0# 100 S5 WEB10T rinse wiater, operilion 007 A6l
26 Wash basin (.01 52 S6 WBIL02 rinse water. idle (22 0
I Ablution 013 32 S7 WRI02 rinse water. operilion .07 44810
A Tailet pipes 01z 52 S WR2O rinse water. 1dle 176 0
bL] Office cleaning 0,05 52 S0 WRB201 rinse waler. operilion .03 23360
FALY MM Dackwush 20008 32 S0 WB202 rinse water, idle 348 {
M MMF rinse .33 52 Shl WRB202 rinse witler, operitlion 07 1632
Hx WRB203 coaling 1.47 52 512 WB203 rinse water, idle ENIR] ¥
13 WB202 cooling |22 52 813 WB2()3 rinse water. operation (1.28 Y2y
Fotal witer demands 47 7% th Sl4 MAU 111 6.4
S15 AHLU 036 ) 7
S16 Cassette cleaner 0,08 ()
S17 Ak temen 273 1056
51w Waler serubber 1,54 ]
S1Y RO reject 2nd puss 4.50 9.2
el LT reject 1.54 19.2
S21 LIF2 reject |80 0
520 Heuter WRIO] .46 i}
523 Wish bhisin 0.0 Hl)
S24 Ablution 015 a0
Tatul wiler sources 36.76 1h

yositive gradient with an equipment/process that gave a
ess steep gradient. Note that this strategy did not apply o
cuse line since was no equipment Lo replace. To initialize
he composite plot, the option that gave the highest total
mnual water savings should be used regardless of the total
nyestment needed. Hence, to reduce the steepest gradient
weording to Sirateyy |, the process change oplion giving
he next highest total annual savings but with lesser total
nvestment was selected Lo substitute the nitial process
yption and trim the steepest gradient. Fig. 6 shows that
jubstituting the option causing the steepest positive
wadient (#2,) with an option that gives a less steep gradient
my') vields a smaller TPP value. For example, a separation
oilet may be changed to a much cheaper dual-Hush toilet
hat uses a4 bit more water. TPPag 18 the TPP after
mplementing SHARPS strategies.

[n the case of a curvature. linearization is necessary to
fetermine the line of steepest gradient. For a projecting
;oncave or convex curve, the lincarization ol a curve
noving upwards 13 as follows:

Concave curves: Connect a straight line to the start (point
Ay and end (point B) points of the concave curve 1o obtain
1 positive gradient (line AB in Figs. 7a and b). Connect a
ine from the graph origin (point O) going through point
F‘UPL to the end point (point B) of the concave curve (line
J-F,.—B). To have beneficial TPP reduction, the concave
surye must be reduced below point £, (for Strategy 2).

Convex cuyrve: Conneet a line from the graph origin
point O) to the minimum point of the convex curve (Fin).

Connect a line from F,;, to the end point (point B) of the
convex curve to obtain positive gradient (line £, B in
Figs. 7¢ and d). Do not reduce lurther the line on the
left hand side ol F,,;, since this will increase TPP (lor
Strategy 2).

When the linearized line was the sleepest posilive
gradient. Strareyy 1 was implemented to yield o linearized
line with a smaller gradient. Note that, the proposed
linearization is only a preliminary guide to screen the
most cost effective option that satisfies a preset pavback
period.

Strategy 2 — Intensification: The second strategy involyed
reducing the length of the steepest positive gradient until
TPPsg was equal to TPP.,. This second stralegy was
also not applicable for reuse line since there was no
equipment to replace. Fig. 8 shows that when the length ol
the steepesl positive gradient {(my) is reduced, the new
gradient line (12,") gives a less steep gradient. and hence.
a smaller TPP. This means that instead ol com-
pletely applying cach process change. one can consider
eliminating or partally applying the process change
that gives the steepest positive gradient. and hence, a
small annual savings compared to the amount of myest-
ment). For example. instead of changing all normal water
taps to inlrared-type. only 30% of the water laps
were changed. If TPPyg was still more than the TPP,
even after adjusting the steepest gradient. the length lor
the next steepest gradient was reduced until TPP was equal

to TPP..



230 SR Woan At eral. ¢ Sowrnal o Estionmentad Management S8 1 2008 ) 2 (9237

Tuhle 2

Buse-cuse muximum watel vecovery Largels tor MySem (without process changes)

Cone. (7 Pority, P dp Sum F Sum £ souree Total £ Cum water flow Water surplus Com water surplus
{ppin) demand (L h) ithy i h rite (1) hy i1y
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Tahle 3 vield the best savings, The overall procedure [or SHARPS

Amount ol TWT used and used for

mlegraton nitally

und domestic wastewiler nol

Uity Helfore MWR Aller MWR Reduction
(1) {1 h) (%0}

Taral freshwater RUH | 104 724

Tustal TWT weustewsater B 71 K34

Fotil domestic Ww h4] (K23 a0

Similarly, for the case of a projecting concave and
convex curves moving upward. it was desirable (o reduce
the length of the curve unil TPP., was uachieved. if
linedrization ol the curve gave the steepest gradient. Both
strategies | and 2 should be tested or applied together to

is summarized in Fig, 9.

3

3.3, Step 3 network design

Once the CEMWN targets have been established, the
next step was to design a cost effective minimum water
network (CEMWN) to achieve the CEMWN targets. |'he
water nctwork could be designed using one of the
established techniques such as the one from Polley and
Polley (2000): Hallale (2002) and Prakash and Shenoy
(2003). The CEMWN in this work was designed using the
technique (rom Polley and Polley (2000).

Systemutic applications of the CEMWN framework on
an industrinl complex (a semiconductor plant) and an
urban building (a mosque} are demonstrated next.
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Table 4

Viurous process changes options applhicable for MySem

WMII Stralegy

Option selected based on NAS

Option selected based on MWN procedure

Abatement
Option 2 (decommisioning)
WB 202 and 203 cooling

Ehmination

WHB reduction i Fab 1 and 2
Heater reduction

Fab 1 return reduction
Ahbulement

Option | (0.5 gpm during 1die)
Option 3 {recireulation)

Option 4 (on demand)

Option 5 (pH analvsis)

Increase RO system recovery/ install 3rd stage
EDI return reduction

Option | (decommissionimg)
Option 2 (run intermittent)
Domestic reduction

Cooling tower reduetion using N2
MMI reduction by NTU analysis

Reduction

TN X

I

Reuse Tolal reuse

Outsourcing RW harvesting

BN N RN

Regeneration Treat all WB water

YA N A=

fRIN XK

Y VN Y AEXEN

(o) for selected option. (X) for climinated option hy MySem,

4. Semiconductor plant case study
4.1, Procesy description

The CEMWN [ramework was successfully applied on a
semiconductor company n Malaysia (MySem). MySem
which involved a combination of domestic and process
waler usages represented an ideal application of the
CEMWN framework for both urban and industrial
sectors. Figs. 10 and [ show the water distribution
network for MySem whose primary function was research
and development (R&D) as opposed 1o production.
MySem mainly fabricated 6 and 8in walers as its main
products. Walers were fabricated using different recipes to
meet customer demand. Water demands i MySem
included DI water production, domestic uses (toilet
flushing. office cleaning. wash basin. toilet pipes and
ablution) and non-process uses such as  abatement.
scrubber, cooling tower and wet bench cooling. A break-
down of the various waler demands for MySem is shown in
Fig. 12.

The estimated total freshwater consumption [or
MySem was 42.0(h [or the month of October. O
this value, 31.78 t/h was used for deionized (DI) water
production and the rest for domestic and non-process
uses. The total water consumption varied throughout
the vear according to wafer production and equip-
ment  conditions, MySem DI water was  used  for
wel cleans, solvent processes. acid processes and tools
eleaning.

4.2, Step I: specify the limiting water data

This step involved detailed process survey and line-
tracing. establishing process stream material balances and
conducting water quality tests. Stream flow rates were
either extracled [rom plant distributed control system
(DCS) data or [rom online data-logging using ullrasonic
flow meter. Depending on the stream audited. tests lor
total suspended solids (TSS). biological oxygen demand
(BOD). chemical oxygen demand (COD), total dissolved
solids (TDS) were made on-sile. For MySem process uses
which comprised entirely of ultra-pure water, TSS was
found to be very negligible. BOD was eliminated since
there were no biological contaminations. COD was a
component of TDS. TDS was ulumately chosen as the
dommant water quality parameter for MySem. TDS was
monitored using a conductivity meter. Some of the key
constraints considered included:

e Waler streams with hydrogen fluoride (HF). isopropyl
butanol (IPA) and dangerous solvents werc nol con-
sidered as water source.

e Multimedia filter (MMF) backwash was not considered
as water source since il contained high TS5,

e WB202 and 203 cooling were not reused since it
involved acid spillage.

e Black water i.e. toilet pipes. toilet flushing and office
cleaning wastewuler were not reused.

e Greywater could only be reused for processes which did
not involve body contact.
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N o New IWTHWW - New pineh New total TWT
WNH lovels 5!-"3?1“‘-' process New F'W [hased on point {all W
o changes considered trgel, UNT fiminne data) concentration, ppm- considered)
target, I/hr targer, t/hr
f [nitial J None RIVIOES 34.45 22360 244500
Reuse Base case (IMWR) 11,0400 (L0190 22 360 57090
\ _
Efwialion Eliminate WE cooling §.3525 0.0215 1360 30215
202 (D13 yund 203 (D12)
v
R e 6.751% .00258 4608 14216
Reduction WB reduction in Fab |
and Fub 2
+ Heuter WB201 reduction 6.7314 00264 AR08 L4454
; i 15 13100
Fah | return reduction 60004 0.035:4 Ja0s
Option 12 EDE decommissioning (3038 D37 4608 Loz
Increase RO rate of 62110 000380 4608 (1.9132
recovery
Reduce Tnullimr..'diill rlll_dr 6.0857 0.0387 2608 0.7879
hackwash and rinsing time i
Option 4: Reduce abatement
pollution system (D3 = .57 t/hr 60831 00361 4608 (L7833
and 817 = (.57 thr.
Cooling tower reduction | o : (.7874
; &5 34 4608
(D2 = .86 thr) T943 Bres
v
cai R Add o souree' §25=0,1 1
Cutsaureing PG = il 5.8349 0,0379 4608 07871
¢ g harvesting raimwater
Regenerate remaining 53,7970 8] 4608 (1.7492
l Regeneration IWT iy the maximum
Nowrate for a source from
¢ tor C=32 ppm.
Minimum water
< = 492
network (MWN) 5.7970 0 4608 0.7492
Ltargets
Fig. 13, The effects of WMH-guided process changes on the maximum water reuse/recovery targets and pimeh location.
Table 5 waler sources and demands extracted for MySem listed in

Various effects of EDI options on water targets

EDI system FW targer (/b)) TWT wrget (1h)

Ininal EDI Mow rate 0.6094 10,0354
Option [(decommission 3 EDI unit)  6.3038 (.0378
Option 2jrun intermittently) 609281 0.0351

The relevant water streams having potential tor recveling
were extracted into a table of limiting water daia compris-
ing ol process sources and demands. Table | shows the

terms of flow rate and contaminant concentration, The
contaminant (C. in ppm) in Table | represents TDS.

4.3, Step 2: derermine the maxinmum waler recovery
{MWR) targets

This step mvolved estabhishing the hase-case MWR
targets using WCA technique that was incorporated in
Water-MATRIX @ software developed in
Teknologi Malaysia (UTM). Table 2 is the water cascade
table (WCT) gencrated by Water-MATRIX ¢ for MySem

Universiti
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showing the freshwater and wastewater flow rate targe(s al
Frw = 11.04t/h and Fy = 0.02t/h, respectively. Note
from Table 2 that the cleanest water targeted water at

Lable 6
Effects of abatement oplions on water targets

Abatement system o s

Fw IWT
(t/h {Lh) Larget tarpet

(t:h} {1'h)
Loitial abatement low rate 273 2.73 6.0857 001387
Option | (0.5apm during idle) 1.11 L.11 60837 00367
Option 2 (decommssioning} 1.36 1.36 60840 0.0370
Option 3 (recirculdtion) 014 (.00 62183 00313
Option 4 (on demand) 0.57 0.37 (L0831 0.0361
Oplion 5 (pH analysis) 0,79 079 6OR33  0.0363

Table 7
MySem water targets alter implementation of MWN technigue

2=
]
e

Oppm concentration actually referred to DI water (Fy)
needed to be supplied Lo the blend water tank instcad of
freshwater. This was because freshwater for MySem had a
concentration of 30 ppm. The source water flow rale al
30 ppm shown in Table 2 was actually the amount of
[reshwater supply needed. Water-MATRIX .1 computes
Fpr=0th and Fpyw=11.041h,

The Fiwy of 0.02 t/h shown in Table 2 only comprised of
the IWT wastewaler that was considered lor reuse, The
total TWT should alse include 5.69 (/h [WT wastewater not
available for reuse due to chemical contamination, giving a
total IWT of 5.71 t/h Lo be discharged for MySem as shown
in Table 3. Considering the presenl integration schemes
implemented by MySem, the initial FW and total IWT How
rates were al 39.94 and 34.45 t/h. respectively. Eqgs. (7) and
(8) gave FW and IWT reduction of 72.4% and 83.4%.

Cone. C Purity. £ dpP Sum Sum Fsource Total # Cum waler Water surplus Cum witler surplus
{ppim) demand (1/h) (1/h) (trh) flowrute (1h) (thy (t/h)
Fpp =10

8] 1000000 1.7270 17270
0.000006 1727000 (L0001

.40 .999994 1110 L1100 0000011
(0.000005 2837000 0000013

11.52 [LOYIURE (L3600 (1.3600 0.000026
0.000001 3197000 OL000004

1250 1,.999087 th.3400 0.3400 [URYIUHINRIY
CLOG03 3, 737000 0000012

16.00 ).999984 (11000 0,1100 (L0042
0.000003 3.8547000 0000012

15,20 (L9999 | 0.7760 {17760 (.000ns4
(,0000711 4.623000 (oo s0

3000 0.999970 Firw = 5.797 3.7970 0.000104
Loguaig 10420000 0000104

40.00 1998960 0,1500 (L1500 0,000208
0000008 10370000 LOOD0RS

48,00 11.999952 [V ] (L1690 (000293
0000001 10.739000 0.000007

4864 (1L999G5] 11 %400 (5400 LOOO300
O.00003 1LA79000 0000039

3200 (1,999948 ~HA280 00381 fAR9Y 0,00033%
000000 3089100 (L0004

SRYIE 0.994940 (LOTO0 00100 0000379
0000010 3089100 0,000053

7040 (1999930 . 1.1530 1530 (432
0.000030 £.252100 0000185

10000 L999900 —7.0500 —7.0500 0000617
000006 —{).797900 0,000004

111560 11 BUIEGg 1.5700 0.3700 (00061 3
0000058 —(L.227900 —0.0060 13

164.00 (.999%36 0.0240 0.0240 0000599
0000764 —0,203900 —0.000136

928.00 (999072 00810 00810 0.000444
0003552 0.122900 —(.000437

480,00 0905520 0.0600 00690 (.0e0007
0000128 —0.053900  —0.000007

A608,00 1.045392 (1.0539 0.0539 0.000000

0.8995342

Fiwr =0 (LEO0DOL

0 000600
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respectively,

FW savings (")
~ FW llowrale belore WPA — FW flowrale targets after WPA

%} : x 100,
FW flawrate hefore WPA
(7)
R .'\--.wing,_s ()
_ IWT flowrate before WPA — Total IWT to be discharged
a IWT flowrute before WPA o
(8)

4.4, Step 3; WM H-guided screening and selection of process

optons

After calculating the base-case MWR targets. all
potential process changes to improve MySem water system
were listed according to the various WMH levels as shown
in Table 4. Central to MWN approach 1s the level-wise
hierarchical sereening and prioritization of process changes
oplions using the water management hierarchy (WMH)
and four new option-sereeng  heuristics which  was
sequentially applied (o prioritize process changes. MySem
had imiually selected process changes bused on the net
annual savings (NAS) associated with each process change

as shown with check marks in column 3 (MySem. 2005) of

Table 4. The ultimate minimum water targets obtained
after MWN analysis were given check marks in column 4
ol Table 4. The steps for sereening the options according Lo
the WMH are described next.

4.4.1. Source eliminuation

The pinch point obtained [rom the base-case MWR
targcting stage was at 23,360 ppm (see the water cascade
table, 1e., Table 2). In order to maximize freshwater

OO 4 Keuse
HOO00.
000 4

HO 4

0000

NCL %

|
|
000 ]
300010 1

200060

S P

10000 ’
|

Stevpest gradient

LPP =38 vry,

PP =033 vrs

savings, the top priority was 1o consider eliminating waler
demands above the pinch point in the cascade table, i,
any demand with concentration less than 23360 ppm. Note
that all the water demands in Table | met this crierion. All
p(lh‘.‘.’iil‘}lc means Lo C]'I‘;ll'll‘:{L‘ PFOL'S._‘.N?) or I.hl.f cxi&ling i:qui_pmcnl
to new equipment to eliminate water demands were
considered. From Table 4. it was possible to eliminate
D12 and D13 by changing wet bench 202 and 203 quartz
tanks that initially needed continuous water or cooling, Lo
teflon tanks. Not only did this option chminated water
requirement, 1t will alse avoids tank crackimg as a resull of
sudden temperature drop. Elimination of D12 and D13
resulted in new water targets at 8.3525 t/h freshwater and
0.02150h TWT (see third row of Fig. 13). The pinch point
was maintained at 23.360 ppm.

4.4.2. Source reduction

Alter climinating D12 and D13, the next process
change considered according 1o the WM hierarchy
was o reduce demands above the pinch point in the
cascade table: ¢, any demand with concentration lower
than 23.360ppm. Table 4 lists a few process changes
options related to source reduction. Following heuristic 2,
the demuand at the lowest contaminant concentration
(32ppm) was reduced first. I'ollows arc possible source
reduction process changes (listed m Table 4) alfecting
demands DL. D10 and DI (all located at 32 ppm) and
sources S1-S13 and S19-822 simultaneously due to the
interactions between equipment in the water system of the
D1 plant (Fig. 9):

® wel bench flow rate reduction to the minimum during
idle mode.

e recirculating hot water and switching heater on demand
for heater WRB201,

+Eliminate +Reduction rHegen

+Outsource

|
-
|
|
|
1
t
l
|
I
i
|
1
i
|
|
|
i
|
7

t)

T T T

(1 20000 40000 60000 80000 100000 120000 140000 160000 180000 jﬂl')f'll!'ll) 220000
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Fig. 14 IAS plot for MWN retrofit.
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Fig. 16, F,, for cooling tower concave curve moving upwards (without peak).

o reduction of Fab 1 return flow rate by changing (o
variable speed pump.,

decommissioning three EDI units instead running (our
units. Note that a sharp decrease in fow rate due o
upstream process changes made 1t possible Lo reduce
three EDI units (Option 2 from Table 4 was rejected due
to the increase in FW and IWT targets. Option | Le
decommissioning three EDI unit reduced the FW and
IWT targets to 6.3038 and 0.0378 t/h, respectively
(Table 5) and henee implemented).

® increase rate of recovery [or reverse osmosis system, and
® decrease multimedia lilter backwash and rinsing time,

The freshwater (FW) and industrial wastewater treat-
ment (IWT) flow rates aller application ol each process
change are summarized in Fig. 13.

Using heuristie L. the source reduction process changes
for the DI water system shown in Fig. 9 were implemented
from the core of the process (wet bench systems) Lo the
mosl outer layver (multimedia filter). Excessive water usage
al the core of the system was the main reason for waler
wastage at the outer lavers. hence, improving the core of
the system first will reduce wastage downstream. Imple-
mentation ol the entire range of process changes, from wet

bench 1o MMFE (multimedia filter) listed in Table 3 gave
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Fig. 17, Final TAS plot alter SHARPS anulysis.

revised Ireshwater and wastewater targets at 6.0837 and
0.0387t/h and a new pinch concentration at 4608 ppm
(refer Lo the ninth row of Fig. 13). Since there were no
other demands at 32ppm. [ollowing heuristic 2, the
demands with the next lowest contaminant concentration
(100 ppm) were considered next. For MySem., D2, D3 and
D6 existed at the same concentration of 100 ppm, D3 which
yielded the biggest flow rate reduction wus chosen first
followed by D2 and D6 according to heuristic 3. as
described next.

The pollution abatement system demand (D3) existed at
100 ppm. Initially, pollution abatement system demanded
273Uk of water (ID3) and produced 2.73 t/h of IWT (S17).
Table 6 shows five possible options o reduce the
abatement system demand. Option 3 which was predicted
to yield the highest savings was mitially chosen by
MySem prior to MWN approuch (Table 4 column 3).
However. as shown in Table 6. option 3 actually increased
the freshwater larget by 2.2% 10 6.2183 (/h. This was
because introduction ol a recirculation system that
produces no wastewater but relied on makeup water
demand (option 3) had reduced the amount ol wastewater
that could potentially be reused for MySem as a
whole. thereby leading to increased [reshwater targel.
Option 4 in Table 6 gave the highest freshwater and
IWT savings, Choosing option 4 led to new [reshwater
and IWT targets at 6.0831 and 0.0361 (/'h. respectively.
with pinch point maintained at 4608 ppm (refer to the
tenth row of Fig. 13). Tt was also possible to reduce
demand D2 which also existed at 100 ppm. D2 which
wus the cooling tower makeup, had the second highest
flow rate reduction. Heut exchange between cooling
lower circuil and liquid nitrogen circuit had potential
to reduce D2 to 386 t/h. and ultimately the water targets
o 3.9432t/h  [reshwaler and 0.03821/h wastewater

(see eleventh row of Fig. 13). The pinch point was
maintained at 4608 ppm.

Demands D6 (wash basin) and D7 (ablution) were
reduced to 0.002 and 0.035 t/h. respectively, by changing
the normal water taps o laminar taps. This also reduced
sources 823 and 824, However. when targeted using Waler-
MATRIX ", the freshwater and wastewaler targel§ in-
creased slightly to 3.9455t/h and 0.03851/h. Hence this
process change was rejected.,

4.4.3. Exrernal water sources

The next process change according to the WM hierarchy
wis to add external water source at concentration lower
than the new pinch point concentration of 4608 ppm. Based
on MySem avadilable roof arca and rain distribution. it was
possible to harvest 0.11 t/h (maximum design limit, £
design) O rainwater al concentration of 16 ppm as o new
water source. This option had potential to reduce the
(reshwater and TWT fargets 1o 5.8349 and 0.0379 t/h.
respectively (refer to the [2th row of Fig. 13). The pinch
point was maintained at 4608 ppm.

4.4.4. Reyeneration

Regeneration was the final process change considered
according to the WM hierarchy. Freshwater sayings could
only be realized through regeneration above or across the
pinch. Regenerating all "WB201 in-operaton” (8Y) al
23360 ppm and 0.0201 t/h (maximum utility Qow rate,
Fuy obtained using trial and error method in WCA) of
"WBI0!I in-operation” (S5) at 4608 52 ppm by carbon bed,
EDI and wltraviolet (LV) treatment systems redueed the
freshwater and TWT targets to 5.797 and 0 t/h, respectively
(Table 7). Considering the IWT excluded from mlegration.
the new TWT flow rate aflter regeneration was (.7492 (/h.
This corresponded 1o 85.5% freshwater and 97.8%
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(25
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Specilic process

WMH levels changes considered

New total TWT
tall TW'I

considersd)

New IWT+WW  New pinch
|based on paint
limiting data] concentration.

New FW
targel. Vhr

target. t/hr ppm turget, t/he
Initial MNone 3994 3485 22360 344300
' |
|| Rense | Buse case IMWR) 1 L0400 0.0 91 22360 37090
" | Eliminate WB cooli
{ Lilimination ‘ E ity B cvolg 83525 00215 22360 30215
[ | 20Z(D13) und 203 (D12 :
'
ol 67518 0.01258 4608 4216
] Rediction WB |.eduumn m Fab | VIS I 4216
| and Fab 2
T
| ) _ -
|+ Heuter WE201 reduetion 67314 (.0264 1608 L34
|
| 5 = L3104
Fab | returs reduction 6.6094 0:00354 4608 =
Option |1 EDI decommissioning .3038 00378 46008 Lara
Inerease RO rate of 62110 (L0380 4608 (1.9132
TeCovery
Reduee mu'l1im%'diel'1 ﬁl.(lcr 60857 (0357 2608 (L7879
hackwush and rinsing nme T
Option 4 Reduce ubatement
pollution svstem (D3 = (0L57 vhr HO831 0.0361 460% 07853
and 517 = 00.57 thr).
Cooling tower reduction 0.7838
= ; § 4alis
(D2 = 5.960 t/hr) 6.0496 1.0366
h 4
[ Outsoureins Add a source’ 825=0.11
| ce Uhitof C .= 16 ppri by 59392 0.0362 4608 0,7854
E harvesting rainwater
\
CEMWN targets
rgels 59392 0.0362 4608 0.7854
Fig: I8, Uinal CEMWN targets aller SHARPS analysis.
industrial wastewater reductions, The pinch point was  neighbor algorithm (Prakash and Shenoy. 2005) or

maintained at 4608 ppm. __

The minimwm water targets were ultimately obtained
after considering all options for process changes according
to the WM hierarchy. Note that. targeting the maximum
water recovery (hrough reuse and regeneration only
resulted in savings of up to 72.4% freshwater and 83.4%
wastewater for MySem. Instead. following the holistic
framework guided by the WM hierarchy enabled potential
freshwater and wastewalter reductions of up to 85.5% and
U7 NV, respeetively. towards achieving the minimum water
network (MWN) design. Once the benchmark target was
achieved the minimum water network was designed using
various network design approaches such as source-sink
mapping diggram (Polley and Polley, 2000). nearest

mathematical modeling [Takama et al.. 1980: Alva-Argiez
et al., 1998: Huang et al.. 1999; Benko et al. 2000:
Bagajewicz and Savelski, 2001: Xu et al., 2003: Koppol
et al.. 2003; Ullmer et al., 2003; Gunaratman el al., 2003).

4.5 Step 4 apply SHARPS strategy

The desired payback period (TPP,) was set at 4 month
(0.33 years) by MySem managenent. Fig. 14 shows the
IAS plot after MWN analysis for MySem retrofit. (Refer to
Appendices A and B for cost formula used to generate the
TAS plot. Since this is a retrofit case, Egs, (1), (4) and (3)
mentioned previously were used.) The total payback period
to attain the MWN targets before SHARPS screening was
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Fig. 10 MySem retrofit DI water balunce and non-process water balanee after CEMWN analysis. achicving 83.3% freshwater und 97 7% IWT reductions

within 4 months payback,

0.38 years. Since, the initial total payback period was more
than the TPP.,. Le. 0.33 vears, SHARPS stralegies were
applied to (ulfill the TPP, specified.

Fia. 14 shows Lthat regeneration process change gives the
sleepest gradient. Focusing on Strategy 1. there was no
other option for regeneration process change. Hence,

Strategy | which called for cquipment substitution
could not be implemented. Focusing on Strategy 2. when
no regeneration was applied. the total payback period
reduces 1o 0.36 yr as illustrated in Fig. 15, which sull do net
achieve TPP.,. Thus. the next steepest gradient was
observed.
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FFig. 20, Final water distribution network for Sultan Tsmuail Mosque with regeneration and rainwater harvesting by Manan ¢t al, (2006).

Table 8
Limiting water dati for SIM

Demand Ftday)y O (ppm) Saurce Fitday) C[ppm)
DI Kitchen (.03 i} 51 Ablution 25.03 23
D2 Ablution 2503 10 52 Wish basin 0.14 i)
[BE] Wash basin 0.14 10 S3 Showering 014 216
N4 Showering 0.14 10 54 Mosgue eleaning 0:29 472
D3 Maosgue cleaning 0.29 10 53 Kitchen 0.03 3360
D6 lrrigation | 46 10 Total water sources 2563 t'h
D7 Taoiler pipes (.44 1
L& Flushing toilet .57 1
Total water demands 2410 th

The nexst steepest gradient was noted to be cooling tower
process change. Again. Strateg) | cannol be applied since
only one option exists for that process change. [t can be
noted that cooling tower line is a concave curve without
peak. F, 18 noted (o be al the end ol the curve as shown in
Fig. 10. Hence, based on the lincarization rule explained
carlier, any reduction ol the cooling tower curve will be
beneficial. Using Srrategy 2. reducing the coofling tower
process change curve by only applying partially nitrogen
cooling effect yielded the final 1AS plot shown mn Fig. 17
that achieved the specified payvback of 0.33yr. D2 was
reduced only to 5.966 1/h instead of 5.86 t/h initially. This
scheme had reduced 3.94(/h of freshwater and 0.79 th
IWT total low rate,

Henee. the application of SHARPS sereening  has
successively achieve the TPP., of 4 month with 85.1%

and  97.7%  of freshwater and  wastewater reduction

respectively prior to design. This is the final cost effective
minimum water network (CEMWN) target for MySem.
The effect of applying each scheme on freshwater and IWT
are illustrated in Fig. 18. Using the pre-design cost estimale
method. the system needs approximately a net total
investment of $64.500 and will give a net annual savings
ol §193.550 yearly.

4.6. Step 3: network design

Fig. 19 shows the cost effective minimum water network
for MyvSem alter retrofit.

5. Sultan Ismail Mosque case study

This case study compares the results of applying
CEMWN framework and water pinch analysis (WPA) on
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Fig. 21. Water distribution network [or Sultan Ismail Mosque.
Table 9 (see Fig. 22). Note that. in some cases, though the

Various process changes options for SIM

WMH Strulegy Option selected
based on MWN
procedure

Elimination Toilet option 1: Change 12/ »

flushing toilet Lo composting
toilet

Reduction Change normal ablution tap to 1

laminar flow tap
Tailet option 2; Change 12/ X
Aushing toilet to dual flush toilet

Reuse Total reuse -

Outsourcing RW harvesting 1

Regeneration Treat ablution as required 1

() Far selected aption, (X) for elimmated option by SIM.

Sultan Ismail Mosque (SIM) in Malaysia which 1s an urban
building. Manan et al. (2006) uses WPA on the SIM case
study which include maximum water recovery. regenera-
tion and rainwaler harvesting to achieve 85.5% Ireshwater
and 67.7% wastewater reductions. The final maximum
water recover (MWR) network is shown in Fig. 20. The
limiting data for the study is shown in Table 8. Biological
oxvgen demand (BOD) is used as the key water quality
factor. Fig. 21 shows the base-case water distribution
network for SIM before integration.

CEMWN framework was next applied to SIM to cost-
water savings. Possible process
changes options are listed in Table 9. The minimum water
network targeted 99.9% freshwater and 63.8% wastewater
savings alter implementing WMH-guided process changes

effectively maximize

freshwater target decreased, the wastewater target in-
creased. For example. when toilet demand was eliminated,
some of the wastewater initially allocated for reuse in DS
had to be discharged.

Fig. 23 shows the initial TAS plot generated after MWN
analysis [or both grassroots and retrofit cases. The total
payback period for grassroots design was 8.0 yr and retrolit
case 10.2 yr. TPP,, were set at 3 and 3 years [or grassroots
and retrofit cases respectively for SIM. It is important to
note that in the case of urban sector, a payback pertod of
up to 10 years for retrofit cases are typically considered Lo
be on the lower side due to the much cheaper urban
[reshwater tariff as compared to industrial tariff and the
lack of economy of scale. Burkhard et al. (2000); Naisby
(1997); Sayers (1998) and Mustow et al. (1997) estimate
payback periods for domestic graywater and rainwater re-
use systems in the range between 34 1o 890 yr in the UK.
Thus, CEMWN implementation is encouraged for grass-
roots design more than for retrofit cases for urban sector.

Elimination of demand DS by changing from a 12-I-flush
toilet to a composting toilet (option [) led to the steepest
gradient on the IAS composite plot. SHARPS Strategy 1
was then applied 1o remove the steepest gradient. Changing
Lo a dual-flush toilet instead (option 2) yielded lower TPPs
of 4.43 years for grassroots and 6.69 years for retrofit cases
but the dual-flush toilet option then became the steepest
gradient and the TPP,,, was still exceeded (Fig. 24).

The base-case toilet option which gave & TPP of 4.01
years for grassroots and 5.19 years for retrofit (Fig. 25) was
finally selected. Since TPP,., was not achieved by wrimming
the steepest gradient. hence. intensifying the regeneration
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3 New pinch
Specific process New FW New WW pﬂE‘lt
WMH levels changes considered larget, t/day largel, 1/day cnuceﬁlrntion.
ppm
Initial None 29:1 25.0
Reuse Base case 6.5 13.0 23
+ 5
l Eliminate a demand at
C = 10ppm by changing 12 37
f ; o : 156 13.7 =3
Eliminate ! flushing toilet 1o
! composting toilet
* :
l Reduce by half the
tlowrate of demund at C
7 ; 8.5 6.6 23
Reduction =10 ppm by changing _
the normal ablution
water tap Lo [ow flowrate
i i water tap.
s Add a source” of C=10) 22 1.5 23
Reuse/ outsourcing A
ppm by harvesting
rainwater.
+
Regenerate to the maximum 1 42
Regeneration flowradte " for a source from 0.03 9.27 =
C=23 ppm to C=4.2 ppm using a
microfiltration. activated carbon
= and UVsystem,
Minimum
water network 0.03 927 4.2

(MWN] target

Fig. 22. The elfects of WMH-guided process chunges on MWR targets and pinch location,
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Fig. 23, TAS plot for SIM.
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Fig. 25, LAS plot after eliminating toilet flush process change for SIM.

option which formed the next steepest gradient was
considered (SHARPS Strategy 2). Regenerating only
0.39 1/day of ablution for grassroots and 2.89t/day for
retrofit achieved the TPP,,,. This gave reductions of 90.5%
freshwater and 59.3% wastewaler for grassrools and
97.3% f(reshwater and 67.2% wastewater for retrofit.
The final IAS plots that achieved the TPP,., are shown
m Fig. 26. The cost correlations used and the results
are given in Appendix C. Figs. 27 and 28 show the

WMH-guided process changes after CEMWN implemen-
tation for grassroots and retrofit cases. The final network
that achieved the CEMWN fargets are shown in Figs. 20(a)
and (b).

6. Results comparison

Table 10 compares the results of using technigues such as
MWR. MWN and MWN after SIHHARPS screening
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Fig. 26. TAS plot alter elimmating toilet flush process change and reducing regeneration for SIM.

New pinch

) Specific process New FW New WW point
WMH levels changes considered target. Uday targel, tfday concentration,
ppr
Titial Nuone 29.1 25.6
Reuse Rase case 16.5 13.0 23

Reduce by half the

fNowrate of demand at C

Reduction = 10 ppm by chunging 239 5.92 23
the normal ablution
water tap to low tlowrate
+ water tap,
v
Reuse/ outsourcing 1 g murc?"i (:lfC =10 3.09 10.8 s
ppm by harvesting
rainwater,
¥
v — .
egenerate (1,393 vday of
Regeneration ablution wastewater from C=23 217 104 23
ppm to C=4.2 ppm using a
mucrofiliraton, activated carbon
= and UV system.
v
CEMWN target 277 10.4 23

Fig. 27. WMH-guided process changes alter CEMWN anulvsis | grassroots).
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New pinch
WAL Levals Spectfic process New FW New WW postil
’ ' changes considered target, vday target, tduy Concenirution,
ppm
Imitial Nane 29.1 256
Reuse Bise cuse 16.5 13.40) 23
+ -
A 4 Reduce by hall 1he
Nowrate of demand a1 C .39 -
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water tap to low flowrite
4 water tp.
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- rainwater.
§
v Regenerate 2.891 t/day of .
Regeneration ablution wastewiter from C=23 073 .40 23
ppm te C=4.2 ppm using o
mierafilration, activated carbon
= and 1TV systeny.
CEMWN
target 0.73 8.40 23

Fig, 28, WM H-pmded process changes after CEMWN analysis (retrofit).

(termed as CEMWN target) for MySem retrofit. 1t can be
seen Lhal the CEMWN target gives a higher net annual
savings (NAS) compared to MWR but lower than MWN
in order to accommodate the pavback period specified by
the plant owner. Table 11 compares the results ol applying
all the approaches to SIM case study. As can be seen.
withoul the CEMWN holistic framework. only 85.5% and
67.7% of f(reshwater and wastewater reduction was
identified using MWR. rainwaler harvesting and regenera-
lion process changes options by Manan et al. (2006).
The proposed pracess changes did not satisly the
TPP.. On the other hand. CEMWN approach enabled
reductions of 94.2%, freshwater and 63.3%, wastewater [or
arassroots and 97.3% (reshwater and 67.2% wastewater
reductions Tor retrofit cases within a targeted payback
period. TPP....

The SHARPS technique provides clear quantitative
insights to sereen various water management options. By
applying the SHARPS technique in accordance with the
water management hierarchy. it is possible to decide the
schemes o partially apply or complelely eliminate in order
to satisfy a desired pavback period. thereby allowing a
designer to estimate the maximum potential annual savings
ahead of design. SHARPS is a novel cost-screening
technique that enables a designer to customize a cosl-

effective water network design that attains the minimum
waler targets as per the requirement ol a plant or a building
OWner.

7. Using CEMWN target as reference benchmark

CEMWN targets can be used for own performance
and international water reduction benchmarking guide.
For example, the CEMWN target for MySem, which
also corresponds Lo the best achievable benchmurk targets.
are a target of freshwater flow rate of 3.94t/h and
total TWT fow rate of 0.791/h. This represented 85.1%,
[reshwater and 97.7% IWT reduction. [Hence. these
were the best performance benchmark targets (Fig. 30)
that MySem needed to achieve. The application of iotal
reuse only using water pinch analysis (WPA) method
vielded a lower waler savings potentials of 72.4%
freshwater and  83.4%  wastewater reduction with a
().59 year payback period. November 2005 water hills
had shown that all the conventional waler reductions
strutegies applied by MySem had only managed 1o
reduce freshwater usage from 42.6 1o 40.241/h repre-
senting a savings of $S880 per month. An estimated total
savings of §193.550 per wvear was predicted with the
implementation of CEMWN method. A preliminary cost
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Fig. 24, () CEMWN desizn for SIM (grassroats). (b) CEMWN design for SIM (retrofit).

gstimate indicated that this best performance required an
investment  of approximately $64.507 with a pay-
back perind of 033 vears. Note that the schemes
proposed and listed in Fig. 18 could also be gradually
implemented as part of the compuny’s longer-term utility

savings program in line with its quality management
practices,

Once the best performance benchmark was esta-
blished through CEMWN method. the predicted
maximum savings of MySem was then compared with the
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Takle 10

Comparison of MWR. MWN and CEMWHN results Tor MY SEM case study

Method FWiiea (1) WW o (1Lh) IWT total (keh) FW sivings (%a) IWT savings (") NAS (Sivn) NOT (5) TPP (yr)
Ltz 3904 3455 2445

MW IR | 1.4 Uy 371 72.4% B34% [ 34250 TRURD .39
MWN S8R0 { (1,79 8524 97,90, [44.242 T4 708 L3R
CEMWN 5594 0,036 .74 R e 497 W 193,550 Bk 507 033
Tuhle 11 3

Comparison of MWR, MWK with rainwater harvesting and regeneration by Manan et al. (2006) and CEMWN Jor 8IM case study

System Witer mimmization method used  FW 0 (Cday) WW 0 e day) PW savings (%) WW o savings (%) NAS (Soyrt NCL(SE TP (vr)

Initial Nome 39.] 25,63

Grassronts MWR 16.46 12,99 43.4%, 49, 3%, 2380 OR3T 287
MWR + RW + Regeneration 422 I8 B 855N 67.7% 46ih 24463 322
MWN .03 9.27 9990 H18% SN0 43.41s TN
CEMWN 237 1044 905 % 39:3% 4439 4739 297

Retrndit MWR [EEET (299 4340, 48 3%, 23800 R3T1 337
MWR + RW + Regeneration 427 11,89 B35 67 7% diRh IH.K6d fr. 1
MW N (.03 227 99 9%, 638 A500 35915  [02m
CEMWN 0.73 N 973 2% 5343 26.737 501

CEMWN TARGET

h

sy 1
= FoS1s nimonh (S change i potennal
= | savingy through MWN )
+ l
z |
z |
o= |
|
e
X ]
| wRR0 Amenth (savanegs sehseved though
comverironil willerspvimg ethods,
June 05 Xx U6
l'ime

Frg, 30 Savines wehieved by MySem in comparison L suvings predicied
through CEMWN wehnigue.

international benchmark. The International Technology
Roadmap tor Semiconductor (ITRS. 2001) had aimed (o
reduce high purity water (HHPW) consumption from the
current rate of 6-8m” in 2005 to 4-6m’ per wafer by
2007 (Wu et al., 2004). After CEWN analysis. MySem
had potential to use 4.06m’ of DI waler per waler
for Fab | and 13.73m" of DI water per waler [rom
Fab 2. down [rom its previous consumption of 6.3 and
724m* of DI water per wafer. respectively. Fab | had
potential to meet the ITRS 2001 warget. Fab 2 however was
tur from this [TRS target due to its wafer production rate
of well below the design capacity.

Tahle 12
OC L0 e Tormula Tor MYSEM cuse study

Procesy Type of OC Cast formuly Linit
Freshwater cost, Cry Freshwater [ S T S
Industrial wastewnter Wastewater 0042w i S'h
sl

EDI cost Other Q01T Eei) imeal Sih
Heater WHIN Orther [(RUATT aue— Sh
cleerrical cost ot

Overall D1 water Chemical OLOF AR i) Sh
Irestmenl

Internal pumping cest Electricul OOLRE i i S

8. Conclusion

The cost effective minimum water network (CEMWN)
technique can help a company realize its’ best achi-
evable water savings target and assess its truc potential
for continuous improvement to  Fulfll its  quality
management  requirement using the WMH  hierarchy
with [our new heuristics and the new SITARPS technique.
Appheation  of CEMWN  technigue on a semicon-
ductor plant showed (hat savings of up o 83.1% [resh-
waler and 97.7% industrial wastewater were achievable
with an estimated pavback period of 4 months. Application
of the same method on 4 mosque building gives a savings
of up to 90.53% freshwater and 39.3%  waslewaler
achievable within a payback period of 3 years for
grassroots case and Y7.5% freshwater and 67.2Y% waste-
water achievable within a paybuck period ol 5 yeurs (or
retrofit ease.
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Lahle 13
0C,... Tormula for MYSEM case study
Provess Type of OC Cost Tormula Unit
JBA cost. Crw Freshwater 0518 F i aiw $ih
Industrial wastewater cost, Crwr Wastewater Q042 et new $ih
L1 chemical and pumping cost Chemical and electrical DM TFEDT new 5/
Heater WBIOL electrical cast Blectrical Q01 BE iy muw S‘h
Owerall DI water treatment Chemical 0,.016FMMF new Sih
Reusc, oulsource and treatment pumping operating cost. Ceoe Electrical D BE s aismiros rig 3h
Internal pumping cost Electrical (RN 5. T ——— Sih
Treatment OC Chemical 00180, S'h
Table 14
CC e formula for individual equipment for MYSEM case study
Projcess New equipment Noobf  Cost formula ($) Unit Cost/system
unit ()
Wudhuk Tap 1.9 lpm with installation 7 10.8 S/ unit T5.6
Wash basin Tap 1.9 1pm with installation 5 10 5/unit 162
Abatement Option 1; Run each abutement at 0.5 gpm during idle. O 7020 $isyslem 020
Need control system.
Option 2: Decommissioning 2 abalement unit and new 3 8640 $/svklem Radi
duct with mstallation
Option 3: Recireulation of water, Need treatment. piping. 6 34.290) $/svstem 34.290
and control system with installation
Option 4: On demand abatement system. Need control O 020 S/system 7020
svstemn with installation.
Option 5, Abhatement flow reduction based on pH 6 Nil Sisystem Nil
analysis.
WB 202 cooling Tellon tank with installation I 1350 Siunit 1330
WH 203 cooling Teflon tank with installation I 1330 Sl [ 350)
WRin Tab | oand Adjust WB fow valve during idle mode to minimum, No — Nil $/system Nil
Fab 2 investment needed.
Heater WBHI01 Heater unused water recirculation and on demand I 1836 $un [R36
heating. Need piping and control system.
FFab 1 return Variable speed pump with installations 1 4050 Siunil 4020
RO svsiem Increase RO system rale of recovery (RR) Lo maximum | Nil S/system Nil
(RR = 80% Ist pass, RR = 90% 2nd pass). No
mvestinent needed.
EDI Option | Decomumissioning extra EDI umt and 3 3 6750 §/system 670
varinble speed pumps
Option 2: Run EDI intermittently. Need control system. — 1890 S/syslem 1890
Cooling tower Using N2 to cool cooling water return. Heat exchanger | —1 3 0%y Sisvstem
and piping with installations m;,kc,m“— Zx 107Fe
m;uu:up_i x 10_
MM backwush Reduce ime of backwash and rinse to mimmum. No 2 Nil $isystem Nil

aned rinse
Toral reuse

Rainwater
harvesting

{10 ppm)
Treatment (Treat
WHE WW to

52 ppmi)

need investment.
Reuse diversion system and pumps with installations

RW diversion system and pumps

Treal all WB WW by using carbon bed. EDI and UV.
Need treatment system, installations, control and piping

(52634 %0 F, e F eriand
st b L6 130%%,
(526345 FR\\' f'.tlrlmnn
iian) U603 170%

[261.9005%(F,.,
455 % 120%])
+|532.634% (L Fiemund
) 0.6)=15095]

tmilink

Sisvstem

Sisystem

$isystem

Appendix A. Obtaining pre-design capital cost estimation

An equipment capital cost is typically a function ol the
equipment capacity. and, in the context of SHARPS. is

related to a flow rate increment or reduction associated

with 4 WM option, The method to estimate the four Lypes

of cost used in Eq. (2) for capital cost calculations will be
elaboruted next.
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AL Estimation of equipment purchased cost and installation
oSt ( Cpp and Cppy)

The capital cost of an equipment of a given size can be
predicted using the siy-renth factor rule (Peters et al.. 2003).
According to this rule. if the cost of an equipment f at 4
given capacity is known. the cost of a similar equipment «
at X times the capacity of b is X" times the cost of
equipment b as given by Eq. (9) (Peters et al., 2003). The
0.6-rule of thumb is only used when the actual cost
exponent s unknown. The typicul exponents for equipment
cost as a function of capacity can be obtained from most
literatures on plant economics. For example, the exponen-
tial value of a flat-head. carbon steel tank is 0.57 (Peters
et al.. 2003)

Cost of equipment ¢ = (cost of equipment b).x"°. (9)

Fg. (9) 1s a capital cost correlation for a biological
Lreatment unit (Gunaratman et al., 2003). The capital cost

of a 30 t/h wastewater treatment unit (F). is $136.256

CCr(S)= 12.600Fu/m)"7, (10)

Table 15
MWN targets lor MySem

SR Wan Alwi er al [ Jovrnal of Envirenmental Management 88 (2008 2492352

Note that the capacity lactor rule [or equipment costing
is applicable only for similar equipment type of up te 10
times the base-equipment capacity. The cost must also he
updated as necessary using the Marshall and  Swill
equipment cost index or the Chemical Engincering cost
index. The sum of individual equipment cost gives the total
capital cost for the equipment, Cpe. The equipment
installation cost (Cpgy) includes labor cost. foundations,
supports. cost of construction, and other factors directly
related to the erection ol the purchased equipment. The
purchased equipment costs may vary between 20% and
90% of the total installed cost depending on the equipment
complexity and the type of plant the equipment is installed
in {Peters et al.. 2003).

A.2. Estimation of piping and plumbing cost { Cyjpin, )

For piping cost. if the huse-case plumbing and sanitation
piping cost is available, Eq. (9) can also be used to estimate
the reuse or outsource or regencration piping cost using
Eq. (11) as [ollows:

WNMH level Strategy FW target (Uday)  TWT target (Vday)  NAS (S/yr) NCOI (retrafit) (§) TPP (retrofit) {years)

Initial None 3994 24N

Retse Reuse 1 (Lo190 134.250) TH.B52 (.59

— Elimination WB cooling 8.353 0.0215 148,273 TH.U54 053

+Reduction WH reduction 6.732 (.0258 | 73,255 SH.976 0,33
Heater reduction 6.731 0.02064 173466 SB.682 0,33
Fab 1 return reduction 6,609 0.0354 179.293 SY.558 (L33
EDI return option 2 6,304 0.0378 190,843 SRUIRD .31
RO recovery 6211 (03 191.492 36.419 (.29
MM fLOBG 00387 192, 198 56,102 U029
Abatement option 4 6.083 0.03061 192.886 34,6094 0.31
Reduce cooling tower to 586 Uday 3.945 0,0382 193.555 69955 0.36

I Outsourcing  Add 0,11 vh RW with T6ppm TDS 3833 0.0379 194156 0231 (.36

- Regeneration  Regenerate to 32 ppm 5.797 0 194 242 T4 08 (.38

Tuhle 16

CEMWDN turgets for MySem

WMH level Strateay FW target (tday)  ITWT target (Uday)  NAS (Siyr) NCT (rewrofit) (8) TPP (retrofit) (yr)

Initial None 3994 34.85

Reuse Reuse [1.04 (0190 134.250 78.952 0,39

- Elimination  WB ¢ooling 8:353 0.0215 148,273 RS 0,33

+ Reduction W reduction 6732 0258 175,345 56,976 (.32
Heater reduction 6731 0.0264 175,466 58,682 0.33
Fah | return reduction (.609 0.0354 179,293 39358 0.33
TDI return option 2 6,304 00,0378 190,543 S5R.AN2 0.3
RO recovery 6.211 00138 0] 492 Shd |0 029
MMF 64186 0.03§7 192,198 36.102 .29
Ahbatement oplion 4 6,083 00361 1492 886 59,694 1.3]
Reduce cooling tower 10 5960 Liday 6030 (0366 193,049 64232 (.33

+Ouisourcing  Add 011 Uvh RW with 16 ppm TDS 5.939 (10362 193,550 64,507 0.33
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Cost of piping and plumbing

= (Cost of base case plumbing and sanitation)

A3, Instrumentation and control, Cpe

To enable water reuse, pumps and control systems must also

0.6
X ( r;; IQUUCHIE TR (11)  be installed. This should include instrumentation cost.
demand mitial installation labor cost and the operating cost [or auxiliary
equipment such as pumps and motors. For preliminary design,
I}‘g"'@ 17 T — the costs of mstrumentation and control may range between
huse sise formula for SIM case study 8% and 50% of the total delivered equipment cost depending
Process Type of OC Cast formula Unit on the extent ol control required (Peters et al.. 2003).
Freshwater cost, Crw Freshwaler O56F 1w doial S
Appendix B. MySem cost formula
Table L8
OC, e [ a Jor SIM case study - S
P! fORTBRIAN fow SEM Gt sty For MySem case study. the formula lor OCyusecases
Process Type of OC Cost Jormula Unit OCey and CChey sysien are listed in Tables 12-14. Tables
15 and 16 show the results of calculating the NCT and NAS
Freshwilercost, Cyw,  Freshwater  0.56Frw pey $t using MWN and CEMWN methods, respectively, for each
LV lump Treatment D B WMH option :
Pumping Electrical (OJLER F 7 CE S —— 5t CRUO.
Tuble [9
CChie vuee formula for individual equipment for SIM case study
Process Base cuse equipment No of unit Cost lormula, $ Unit Cost/system (§)
Toilet 21 toilet Aush with installations 30 200 S/umit 6000
Ablution tap Tap 13.3pm with installation 126 20 S/unit 2520
Plumbing and sanitation Piping 000 S/system S000
Tible 20
C'C e formula tor individual equipment for SIM case study
Process New equipment No of Cost formula (5) Unit Cost)
unit system (5)
Toilet Option 1; composting toilet with 30 1000 S/unit 30.000
mstallations
Option 2; dual Aush teilel with 30 300 Siunit Q000
installations
Ablution tap Laminar tap with installations 126 25 S/unit 3150
Total reuse Reuse diversion system and pumps with — [(499( F, redse Sisvstem

Riinwiler
harvesting (10 ppm)

Treatment ( Freat
ablution WW to
4.2 ppm)

installations (Grassroots)

Reuse diversion system and pumps with
installations (Retrofit)

RW diversion system and pumps
(Grassroots)

RW diversion svstem and pumps
(Retralit)

Treat all ablution WW by using
micrefiliration, activated carbon and UV,
Need treatment system, installations,
control and piping (Grassroots)

Treat all ablution WW by using
microtiltration. activated carbon and L'V,
Need treatment svstem. mstallations.
cantrol and piping (Retrofit)

22 T + (30F, ) + S000(E s’
Pt lrll|]il=]" t‘] 130%

(49N Friicet Sisystem

2271+ (0F o) +RO00(E, !
chm:md irlili:ll]{..ﬁ] L0,
[(499( ey S/svstem

270"+ (30Fw) + 80000 Faw! Fisisina

ittin) 2] 1 50%

(499 Py Sisyslem
2271+ (30Few) 1+ B000(Frw / Fiomune

i) L T0%%

((10.000(F e 172T)")130%] ¢ (499 Fre/  $isystem
I l}UF{‘.\__.]—3{};";(.;;—:_0”: By
mltl;\]]“'h]31]",'{,]

LO000(F s 7270 "N50%0] + {499 sl $rsystenm
22. 70"+ (30F,.) + BO00CF, o/ Fuicrmand

mit.—.ll}n 4 1 5{]“‘3]
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Table 21
MWN anulvsis lor SIM
WMH levels Strategy FW target WW lurget NAS NCT N TPP TPP
(tiday) (tday) (S/yr) (retrofit) (%) (ErilssTouts | {retrofit) {Grassrauts)
151 [vears) {vears)
Tmitial None 2910 25.63
Reuse Reuse 16.46 12.99 2380 #8371 AR3T7 3.52 2:87
i Eliminute Option 1: eliminate D8 by 1557 13.67 2573 38085 10,602 1480 1.8
changing to composting
Loilet
+ Reduction Ablution tap change to §.50 0.60 REIN] 43.979 3480 1126 R5T
laminar tap
+Outsourcing Harvest [1.14 1/day of 2,20 [1.45 091 47.160) 16,215 9.26 7.1
rainwaler
[ Regeneralion Regenerate 2,67 t/day (1.3 9.27 3500 36,082 43915 10,200 798
(Fyy0) ablution to
4. 2ppm
Table 22
CEMWN analyvsis for SIM (Strateay 1)-change toilet flush lo dual flush mstead
WMH levels Strategy W targer WW target NAS NCT NCIT TPP TEE
{t/duay) (1day) (Sivr) {retrofit) ($) (arassroots) (retrofit) (Girassroats)
(5] (vr) (x¥r)
Initial None 29.10 2563
Reuse Reuse 16,46 12.99 2380 8371 837 B 287
+ Reduction Ablution tap change to 9.39 592 3712 [4.223 9680 383 2.6l
laminar tuap
Option 2; reduce DR (o 9.10 613 3776 23043 12.614 6,13 3.34
103 tday by changing to
dual flush toilet
+ Outsourcing Harvest 11.141day of 280 [0.99 4962 26,308 15,336 330 309
rainwilier
| Regeneration Regenerate 3.39 t/day 0.03 §.22 S4R3 6,079 24,254 6.69 4.43
(Fyy ) ablution 1o
4.2 ppm
Tahle 23
CEMWN analysis for SIM (Strategy 2): retrofit—use base case toilet flush und reduce regeneration
WMIH levels Stralegy I'W target WW larget NAS NCI PP
(L day) {L/day) (5/vr) (retrofit) (5) (retrofit) (vr)
Initial Nane 29:1 15.63
Reuse Reuse 1646 12499 2350 5371 332
I Reduction Ablution tap change to lammar tap 9.39 5.92 3712 14 223 353
+0utsowrcing Harvest 11,14 tday of ramwater 309 1076 RN 17381 355
+ Regeneration Regenerate 2,891 t/day ablution to 4.2 ppm 73 &40 3343 26 757 010
Table 24
CEMWN anulysis for SIM (Strategy 2): grassrools —use base case loilet Tush and reduce regengration
WMH levels Strategy FW target WW larget NAS NCI PP
{Uiday) (tiday) (8ivr) {grassroats) (UTHSSTO0L)
(%) (yr)
Lntia| None 20 | 25.63
Reuss Reuse 16,46 1299 2380 0837 2R
fuctios Ablution Lap change Lo lominar 14p 939 5.92 3712 GHR0 261
= Harvest |1 40 day of rainwater 3009 [0.76 48UN 12306 53
= ,Q.—_;-'..__:.' ate | 7731 _‘_~ _':"!3_!;i-'"5‘| 104 : PR :7_" |”44 4‘)59 [+ 719 297
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Appendix C. SIM cost formula

For SIM case study. the formula for OCh.e wises OChew
and CCpey sygiem arc listed in Tables 17-20. Tables 21-24
show the results of calculating the NCI and NAS using
MWN and CEMWN methods, respectively, for cach
WMH option.

Note added in proof

Part of the concepts discussed in this paper have been
published i Wan Alwi and Manan (2006) as an R&D
note, This paper presents a lull version of the completed
and tested version of the technique on two case studies
involving an industry and an urban system. A complete
and more elaborate step-wise description of the CEMWN
procedure and SHARPS methodelogy. which include
derivations of cost equation have been presented in this
paper.
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Abstract

Water reuse/recycle has gained much attention in recent years for environmental sustainability reasons, as well as the rising costs of
fresh water and efffuent treatment. Process integration techniques for the synthesis of water network have been widely accepted as a
promising tool to reduce [resh water and wastewater flowrates via in-plant water reuse/recycle. To date, the focus in this arca has been on
water network synthesis problems, with little attention dedicated to the rare but realistic cases of so-called threshold problems. In this
work, targeting for threshold problems in a water network is addressed using the recently developed numerical tool of water cascade
analysis (WCA). Targeting for plant-wide integration is then addressed. By sending water sources 4cross different geographical zones in
plant-wide integration, the overall fresh water and wastewater flowrates are reduced simultaneously.

€ 2007 Elsevier Lid. All rights reserved.

Keywords: Process integration: Process synthesis: Water minimisation: Threshold problems; Targeting: Plant-wide integration

1. Introduction

Environmental sustainability goals, the rising cost of raw
material and waste treatment, and increasingly stringent
emission regulations are among factors that drive the
process industries to shift from conventional end-of-pipe
{reatment to more sustainable pollution prevention or
waste minimisation practises. One of the active areas for
waste minimisation activities has been that of in-plant
material reuse/recycle. The benefits of implementing
material reuse/recycle are two fold. Apart from the
reduction of raw material purchases needed for a process,
less waste is generated; thus, direct and indirect costs of
handling raw malerial pre-treatment and wastes are also
reduced. Recent efforts have seen the advancement of
systematic design of material reuse/recycle network for
resource conscervation, with the most active area being that
of water network synthesis.

Wang and Smith (1994) initiated research in the field of
water integration by developing a two-stage graphical
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F-nail weldress: dominic.foo nottingham.edu.my.
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pinch approach based on the more general mass exchange
network synthesis problems (El-Halwagi and Manou-
siouthakis, 1989). In the first stage, limiting water profile
is derived from the limiting water data to locate Lhe
minimum fresh water and wastewater flowrates; this step 1s
followed by the detailed network design stage. Flowrate
constraints and the integration of regeneration units were
considered in their later work (Wang and Smith, 1995a;
Kuo and Smith. 1998a). The basic concept underlying these
seminal work is that, all water-using processes are modelled
as mass Lransfer operations (more commonly known as

fixed load problems). However, later works (e.g. Dhole

et al., 1996; Hallale, 2002; Manan et al., 2004) showed that
not all water-using processes can be-handled using the mass
transfer-based model. Some water-using processes, such as
boilers. cooling towers and reactors cannot be modelled as
mass transfer operations. Water network synthesis that
involves these units is commonly known as the fixed

flowrate problems.

The first generation of water source and sink composite
curves to handle the fixed flowrate problems was proposed
by Dhole et al. (1996); and was later improved by Polley
and Polley (2000). A numerical tool that is equivalent to
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Dhole's composite curves was also developed by Sorin and
Bedard (1999). However. Hallale (2002) later pointed out
that both of these graphical and numerical tools fail to
locate the global pinch point for multiple-pinch problems.

Two promising graphical approaches to locating the
right minimum water flowrate targets lor the fixed flowrate
problem are the water surplus diagram (Hallale. 2002) and
the material recovery pinch diagram (El-Halwagi et al..
2003; Prakash and Shenoy, 2005a). The water surplus
diagram (Hallale, 2002) is analogous to the grand
composite curves in heat exchanger network synthesis
(Linnhoff et al.. 1982). however. it requires a tedious
iterative procedure to implement. To avoid this problem, a
non-iterative material recovery pinch diagram was inde-
pendently developed by El-Halwagi et al. (2003) and
Prukash and Shenoy (2005a).

On the other hand, equivalent numerical tools lor
largeting minimum water flowrates have also been devel-
oped. The water cascade analysis (WCA) technique
presented by Manan and co-workers (Manan et al.. 2004:
Foo et al.. 2006b) is the tabular equivalent to the water
surplus diagram (Hallale, 2002), with the iterative calcula-
tion steps having been eliminated. Almutlag and El-
Halwagi (2007) as well as Almutlaq et al. (2005) presented
another cascade analysis tool that is based on the
composite curves of El-Halwagi et al. (2003). These four
tools are by fuar the most promising techniques for locating
the minimum water targets in a water network. While
graphical targeting tools provide the conceptual insights
for network synthesis. numerical tools are preferred when
rapid and accurate answers are needed. More recently,
concept of flowrate targeting is extended (o locate targets
for process chunges (Bandyopadhyay, 2006; Wan Alwi and
Manan, 2006), regeneration flowrate {Tan and Manan,
2006: Agrawal and Shenoy, 2006: Ng et al., 2006). as well
as waste treatment targets after targets (or reuse/recycle is
located (Kuo and Smith. 1998b: Bandyopadhyay et al.,
2006).

Apart trom the targeting stage, numerous techniques
have also been proposed to design water network that
achieve the flowrate targets. This includes the water grid
diagram (Wang and Smith. 1994), load table (Olesen and
Polley, 1996, 1997), water main method (Kuo and Smith.
1998h: Castro et al.. 1999; Feng and Seider. 2001; Wang
et al.. 2003; Cao ct al., 2004; Feng et al.. 2005; Zheng et al.,
2006b). heuristic procedures (Liu et al., 2004; Liu et al.,
2003b), water source diagram (Gomes et al.. 2006; Queiroz
and Pessoa, 2006) for fixed load problems; as well as source
sink mapping diagram (Dunn and Bush, 2001; Dunn and
Wenzel, 2001: Parthasarathy and Krishnagopalan, 2001;
El-Halwagi. 1997), source sink approach (El-Halwagi.
1997: Vaidyanathan et al. 1998): nearest neighbour
algorithm (Prakash and Shenoy, 2005a) as well as the load
problem table (Aly et al.. 2005) for fixed flowrate problem.
Once the flowrate targets are established, the water
network is designed to achieve the minimum targets using
any of the above-mentioned design lools. Subsequently, a

preliminary synthesised network can be evolved to vield
simplified network (Prakash and Shenoy, 2005b; Ng and
Foo. 2006).

On the other hand, the mathemalical optimisation
approach for water network synthesis has also received
much attention from the research community. Early work
i this area was reported by Takama and co-workers
(Takama et al., 1980a,b, 1981). Alva-Argies and co-
authors developed the integrated approach combining the
insights from water pinch and mathematical programming
in handing the fixed l6ad problems (Alva-Argaez et al.,
1998, 1999). The combination use of pinch and linear
programming (LP) technigues was later presented by Jucob
et al. (2002) for the fixed flowrate prohlems. Optimisation
approach based on non-linear programming (NLP) was
later presented for fixed load problems (Rossiter and Nauth,
1995: Yang et al., 2000: Abebe et al.. 2003) and for the fixed
flowrate problems (Dunn et al., 2001). Huang ¢t al. (1999)
and Benko et al. (1999, 2000) individually developed the
mathematical approach to include water treatment in the
total water network synthesis, Bagajewicz and co-workers
utilised LP and algorithmic procedures for the design of
waler network, for both single (Bagajewicz and Savelski,
2001: Savelski and Bagajewicz, 2000a.b, 2001; Goémez
et al., 2001) and multiple impurities (Bagajewicz et al.
2000: Savelski and Bagajewicz. 2003). More recent works
on this area are dominated by the advanced mathematical
oplimisation approaches. such as fuzzy programming
(Tan, 2002: Tan and Cruz, 2004). genetic algorithm (Tsai
and Chang, 2001: Li et al., 2003; Prakotpol and Srinopha-
kun, 2004: Shafiei et al., 2004; Lavric et al.. 2005). random
search optimisation (Poplewski et al., 2002: Jezowski et al..
2003: Poplewski and Jezowski, 20035) and particle swarm
optimisation (Hul et al., 2007 Luo et al.. 2007).

Mathematical optimisalion approach serves as a supple-
mentary tool to graphical pinch approach in addressing
more complex systems, such as systems with large number
of water-using processes (Savelski and Bagajewicz, 2001),
multiple impurities (Takama et al., 1980a: Doyle and
Smith, 1997: Alva-Argaez et al., 1999; Bagajewicz et al,,
2000: Dunn et al.. 2001: Teles et al, 2006). mass load
uncertainty (Tan et al.. 2007 Koppol and Bagajewicz,
2003). capital cost estimation (Alva-Argaez et al., 1908:
Jodicke et al.. 2001; Feng and Chu, 2004), integration with
interception network (Gabriel and El-Halwagi, 2005), as
well as water treatment system (Huang et al., 1999: Tsai
and Chang, 2001; Karuppiah and Grossmann, 2006) or
evaluation of zero discharge possibility (Koppol et al.,
2003). A good review of various existing technigues in
addressing water network synthesis problem is presented
by Bagajewicz (2000).

Another area where water reuse/recycle has scen
significant advances in recent vears is the water network
svnthesis for batch processes. As in continuous processes.
both graphical pinch approaches (Wang and Smith, 1995b;
Foo et al.. 2005b: Majozi et al., 2006) and mathematical
optimisation approaches (Almatd et al, 1997, 1999a, b;
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Puigjaner et al.. 2000; Kim and Smith. 2004: Chang and Li.
2005; Li and Chang, 2006; Majozi, 2005a, b, 2006; Cheng
and Chang, 2006) have been proposed for the synthesis of
an optimal batch water network.

The successful applications of water network synthesis in
various process industries have been documented for both
the water pinch and mathematical optimisation ap-
proaches. This includes petrochemical complexes (Liu et
al., 2003a; Mann and Liu, 1999). chemical manufacturing
(Hall, 1997; El-Halwagi, 1997, 2006; Brouckaert et al.,
1999:; Tainsh and Rudman, 1999:; Gianadda et al., 2001,
Mann, 2003; Forstmeier et al., 2005; Ku-Pineda and Tan,
2006; Zheng et al.. 2006a; Feng et al.. 2006), oil refineries
(El-Halwagi ¢t al., 1992; Wang and Smith, 1994; Tainsh
and Rudman, 1999), pulp and paper mills (Tripathi, 1996;
Tainsh and Rudman, 1999: Bédard et al., 1999: Yang et al..
2000; Parthasarathy and Krishnagopalan, 2001; Andersen,
et al., 2002; Jacob et al., 2002; Tan and Manan, 2003;
Manan and Tan. 2004; Lovelady et al., 2007: Manan et al.,
2007: Foo et al.. 2006b; Delgado et al., 2006; Chiang et al.,
2006). textile/fabric mills (Jodicke and Hungerbtihler, 1999:
Jodicke et al., 2001: Wenzel et al., 2002; Ujang et al.. 2002:
Hamad et al., 2003). thermal power stations (Brouckaert
el al.. 1999). polymer plants (Tainsh and Rudman, 1999).
electroplating processes (Yang et al., 2000: Zhou et al..
2001). fuel production plants (Noureldin and El-Halwagi.
1999: El-Halwagi. 1997), food and beverage plants
(Brouckaert and Buckley, 2000: Thevendiraraj et al.
2003), palm oil mills (Chungsiriporn et al., 2006),
agrochemical plants (Majozi et al., 2006) and municipal
water systems (Manan et al.. 2006; Mariano-Romero et al.,
2000). Despile the wide spread application of water
network synthesis techniques. there remain sceveral areas
that vet to be explored by researchers and industrial
practitioners. This includes the special case of water
network synthesis, i.e. threshold problems, as well as the
exploration of cross-plant water integration. known as the
plani-wide integration. These are the subjects of this work.

Table 1
WCT for water lowrate largeting

(=]
N
Ly

In this paper, flowrate targeting for water network
synthesis with threshold problems is first addressed. The
recently developed WCA targeting technique (Manan
et al., 2004, Foo et al., 2006b) is used to locate fresh water
and waslewater flowrate targets in these networks. Unlike
many water networks that normally require fresh water
intake and discharges waslewater. water network with
threshold problems may either require fresh water without
wasle generation, or on the other extreme generate
wastewater without any fresh water intake.

In the second section of this paper. plant-wide integra-
tion is analysed. After waler reuse/recycle has been
exhausted within a single water network, cross-plant water
integration possibility is analysed. By sending wastewater
source from one network to the other, overall plant fresh
water intake and wastewater generation is reduced
simultaneously. WCA targeting technique (Manan et al.,
2004. Foo et al.. 2006b) is utilised to locate the overall
flowrate targets for the plant-wide integration. In the next
section, steps to carry out a cascade analysis are briefly
reviewed, belore the threshold problems and plant-wide
integration cases are analysed.

2. Water cascade analysis technique for flowrate targeting

The water cascade table (WCT) in Table 1 summarises
how WCA is carried out for flowrate targeting in a water
network. The first step in conducting a WCA is Lo locate
the various water sinks and sources at their respective
concentration levels. As shown in the first two columns of
Table 1, the concentration levels (C)) are arranged in an
ascending order (k= 1. 2. ..., n), and the flowrates of water
sink (F) and source (F;) are summed at their respective
concentration level & in columns 3 and 4. Column 5
represents the net flowrate, (XF-2;F;) between waler
sources and sinks at each concentration level k; with
positive indicating surplus, negative indicating deficit.
Next, the net water Aowrate surplus/deficit is cascaded

Column

| 2 3 4 5 & 7 8 ?
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down the concentration levels to yield the cumulative
surplus/deficit lowrate (Fe ) in column 6 with an assumed
zero fresh water lowrate (Fryw = 0). This assumed flowrate
is 1o lacilitate the search lor the minimum water flowrate
and will later be replaced once the rigorous fresh water
target is located.

Two important parameters to [ulfil in waler network
targeting are the flowrate and impurity load constraints
(Foo et al.. 2006h). Flowrate constraints are fulfilled once
the above-described flowrate cascading is carried out. The
next step involves setting up the cumulative impurity load
cascade (Cum.Am) to fulfil the load constraint. Impurity
load in column 7 (Amy) is obtained via the product
of cumulative flowrate (Fe ;) and the concentration
dilference across lwo subsequent concentration levels
(Ci—Cy). Cascading the impurity load down the con-
centration levels of column 8§ yields the cumulative load
(Cum.Am), which is essentially the numerical equivalent of
graphical targeting tool of water surplus diagram (Hallale.
2002). A feasible water network 1s characterised by the
presence of only positive values of Cum.Am in column 8. A
negative Cum.Any; means the impurity load is transferred
from higher to lower concentration level. which is
infeasible, In such a case, an interval fresh water Howrate
(Few. 4 column 9) is calculated by dividing Cum.Amiy by
the concentration difference between level & (C) and the
fresh water concentration (Cew) 1.e..

o C lll‘l'l.Aj?:-',g m
Ci — Crw

The absolute value of the largest negative Fryw, 4 will
then replace the earlier assumed zero fresh water flowrate
in the flowrate targeting (column 6) to obtain a new set of
feasible flowrate cascade and hence a feasible load cascade.
This new [resh water flowrate represents the minimum
fresh water flowrate (Fpw) of the network: while the final
row in column 6 represents the wastewater flowrate (Fww)
generated from the network. The network pinch concen-
tration is the impurity concentration with zero Cum.Amiy.
while the water source that exists at the pinch 1s called the
pinch-causing source. To achieve the minimum water
targets, a portion of the pinch-causing source flowrate is
allocated to the region above the pinch while the rest to the
region below the pinch (these lowrates are found in the Fe
column just above and below the pinch concentration).
These are termed as the water allocation targets (Manan
et al., 2004; Foo et al., 2006a.b). Note that once the
flowrate and impurity load cascading are carried out using
the minimum fresh water flowrate, final column of Table |
is omitted. Flowrate targeting for various waler network
problems using WCA have been presented by many earlier
works (e.g. Manan et al., 2004: Foo et al., 2006a. b: Foo.
2006, 2007).

Ng et al. (2006) recently extended the WCA targeting
technique to identify individual wastewater streams that
et from 2 water reuse/recyele network. In the waste
iarschine proceduse, water sinks and sources are firstly

segregated to regions above and below the pinch according
to their concentration levels. WCA targeting procedure is
then carrying out for region below the pinch to identify the
individual wastewater streams. Eq. (1) 1s used to locate the
minimum pinch-causing source flowrate (Fpw, 4 largel is
replaced by interval pinch source flowrate £p_ target) that
will fulfil the lowrate and load constraints in this region
(Ng et al.. 2006).

In the following sections, WCA targeting tool is firstly
used to locate the Qowrate targets in the special ecases of
threshold problems. This will be discussed using several
examples.

3. Example 1—Zero discharge network with fresh feed

Table 2 shows the limiting data for Example [, with
three water sinks and sources. Prior to water reuse/recycle,
the network requires a fresh water flowrates of 170ton/h
and generates 110ton/h of wastewaler (sum ol the
individual sink and source Howrates in Table 2). Flowrate
targeting can either be carried out uging graphical tools
such as the composite curves (e.g. El-Halwagi et al.. 2003;
Prakash and Shenoy, 2005a), water surplus diagram
(Hallale. 2002), or numerical techniques such as WCA
(Manan et al., 2004; Foo et al., 2006b). In this work, WCA
targeting technique is used.

An infeasible WCT is shown in Table 3 in which negative
impurity loads are found in impurity concentration level
between 50-250ppm (k = 3-5). Following the WCA
procedure outlined in previous section. interval fresh water
flowrate (Fyw. 1) are identified in the final column of Table
3. The largest negative value of Fryw, 4, 1.e. 539.97ton/h is
used as the minimum fresh water flowrate (Fpw) and next
to produce a new WCT in Table 4. Even though a pinch is
found at the Cum.Am column (in the last row of Table 4).
however, it is evident that the result of the flowrate
cascading yields a negative wastewater lowrate (Fuww) for
the network. This means that the fresh water flowrate of
59.97 ton/h has only fulfilled the impurity load constraints
(with none negative Cum.Amy;, values in the final column)
but not the flowrate constraint. This fowrate infeasibility
can be easily resolved by adding the absolute value of Fyw
to the Fypw used earlier (Table 4) to yield the exact target.
Le. 39,97+ 0.03 = 60.00 ton/h.

With the revised Few value, the flowrate cascade yields a
network without wastewater. iL.e. zero discharge. The
revised WCT with revised flowrate cascading is shown
in Table 5 while the material recovery pinch diagram
(El-Halwagi ct al., 2003; Prakash and Shenoy, 2005a) (or
this problem is shown in Fig. 1. Note that the changes of
An, and Cum.Amy, values in the final two columns of
Tables 4 and 5 are insignificant, due to the insiguiﬁcant
change in flowrate cascading (Fe ).

There are a few special characteristics in Table 5 that are
not commonly found in other water network problems.
and hence worth mentioning. Firstly, due to the added
fresh water flowrate, the pinch concentration is removed
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Table 2
Limiting water data for Example |1

Waler sink SK; Flowrate £ (ton/h) Concentration ¢ (ppm}

Water source SR,

Flowrate £ (ton'h)  Concentration ¢ (ppm)

| ki ) | 20 2
2 20 S0 2 Rl 100
3 100 400 3 41 250
Table 3
Infeasible WO for Example |
A Ci (ppmy 05 (tonih) =F (ton/h) X -5 (tonfh) Fooo(tonrh) Amy (kgih) Cum. Anyg (kg'h) Few,  (tonfh)
(.00
| 4]
0.00 TRV
2 20 Rl 20 — 3 0,00 (.00
—30.00 —:50
3 al) 20 -2 —{1.90) — 1800
—30.00 —2.50
4 100 30 50 —3.40 3400
(.00 (r00
) 230 40 40 —3.40) 13.60
B RYH 6,00
] 400 |60 — [0 2,60 6,50
—60.00 —S99761)
7 LOOGO00 —59973.40 —359.97
Table 4
WOT for Example 1 Infeasible flowrate cascade
K ), (ppm) I.F (ton/h) EF; (ton/h) LB, (ton/h) Fo & (ton/h) My, (ke /h) Cum. Ang; (kgih)
Few = 3997
| 1§}
59.97 1.20
2 20 alt] 20 —30 1.20
29.97 (.90
3 50 20 =20 210
9.97 .30
4 100 S0 S0 200
39.97 9.00
5 250 4 40 11.39
99,97 15.00
] 400 160 Lo 26.59
Faw= —0.03 ~26.59
7 OO0 000 } (.00
(Pinch)

and no pinch concentration is abserved for this case. We
shall term the concentration where pinch s lirstly located
in Table 4 (i.e. 1.000,000 ppm) as the threshold concentra-
fion. similar o the threshold temperature difference in the
heat exchanger network synthesis problems that exhibit
amilar threshold situation (Linnhoft et al.. 1982: Smith.
1993, 2003). Secondly, due o the removal of the pinch
concentration, no pinch causing source is found for this

case. This is dissimilar to other water network problems in
which almost all water networks consist of pinch causing
stream(s) at the pinch.

4. Example 2—Network without fresh water leed

Table 6 shows the limiting data of another case study
adapted from Jacob et al. (2002). As shown, this walcr
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Tahle §

Revised WCT for Example | (zero discharge network with Iresh water feed)

I (), {(ppm) EIF, (ton/h) E.F (ton/h) I-,-F,—E,-F, (ton/h) Fe v (ten/h) Ary, (kg,"h) Curm. Asry (kgelh,
}'.rw = H.00
| 0
60.00 [.20
2 20 30 20 ] 1.20
30.00 0,940
3 50 20 —20 2:19
10.00 .30
4 100 it} 50 - 2.60
60.00 9.00
5 250 40 4 11.60
100.00 [5.00
f 400 100 —100 26,60
Fyp = 0L00 0.00
7 1006 000 26,60
(Threshold)
i Fow=h between 60 and 80 ppm) is sent to the region below the
42.0 pinch, and none of them to the above pinch region. Thi:

Load ikgih)

h

Flowrare (tonfh)

Fig. 1. Matenial recovery pmch diagram for Example 1.

network has three water sinks and four water sources. Prior
to water reuse/recycling. the network requires a fresh water
Nowrates of 2500 g/min and generates 3200g/min of
wastewater. Flowrate targeting result is shown in WCT
in Table 7 and the material recovery pinch diagram (El-
Halwagi ¢t al., 2003; Prakash and Shenoy. 2005a) is shown
in Fig. 2.

Similar to Example 1. a few special characteristics of
Table 7 worth mentioning. Firstly, with the assumed zero
fresh water flowrate (Fpw =0). none of the Cum.Am
values in the final column is found to be negative. This
means that the final column of Table 7 is a feasible load
cascade and the determination of Few,  as illustrated in
earlier scction is no longer necessary. Hence. the water
network does not require any fresh water intake., but will
however discharge wastewater at 700 g/min. Secondly. the
pinch for this problem lies at the lowest mpurity
concentration level. i.e. 60 ppm. From Table 7 and Fig. 2.
the pinch causing stream with a flowrate of 300 g/min is
identified as the water source SRy. Another special
characteristic here 15 that: the entire flowrate of the pinch
causing siream (found i the Fe p column. in interval

situation is uncommon in other water network problems.
in which flowrate ol the pinch causing stream is often
partially allocated to regions above and below the pinch.

All of the above-described characteristic of Examples |
and 2 are not commonly found in other water network
problems studied in any earlier works (Hallale, 2002;
El-Halwagi et al. 2003; Prakash and Shenoy. 2005a:
Manan et al.. 2004 Foo et al., 2006a.b: Almutlag et al..
2005:; Almutlag and El-Halwagi. 2007). Similar threshold
problems were also found in the synthesis of heal
exchanger network, in which some networks require only
hot utility (cooling duty are fulfilled via process heal
recovery) and others require cold utility (heating load is
self-sustain) (Linnhoff et al., 1982; Smith. 1995, 2005),
Next example will show an industrial case study that
exhibits a special case, i.e. combination of the situation
found in Examples 1 and 2.

5. Example 3—Special case with no fresh intake and zero
discharge

Fig. 3 shows the process flowsheet of an organic
chemical production case study from Hall (1997). The
limiting data for water demands and sources are given ir
Table 8. Prior to water reuse/recycling, 40.5 ton/h of fresh
waler is required and an equivalent amount of wastewatcl
1s generated from the network.

Flowrate targeting result is shown in Table 9, where both
the [resh water and wastewater requirements are reduced tc
zero. This is a special case of the previously discussed
threshold problems (Examples 1 and 2). Hence, the few
special characteristics of Examples 1 and 2 are also found
here. As shown in Table 9. a pinch is observed at the lowest
concentration of the network. i.e. 22ppm. Column bottom
stream (SK,) is identified as the pinch causing source al
22 ppm. where the entire source is senl to region below the
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luble &
Limiting water data Tor Examiple 2 (Jacob el al.. 2002)

Wiiter sink 5K, Flowrate £ (g/min) Coneentration C; (ppm}

Water source SR, Flowrate F, (g/min) Concentration C; (ppm)

| 1200 120 | 00 il
2 Q00 103 2 2000 110
3 S00 Bl 3 400 [0

4 340 il
Table 7

WL Lor Laample 2 (no fresh feed network)

k O, (ppm) L (gimn) SF (piman) T F-XF (gimin) Fe y (gimin) A (mg/min) Cum, Amy (g min)
Frw =10
| 0 0
L 0
2 6l 300 300 i
300 O (Pmch)
3 R0 —300 30 6
200 —4
4 106 300 500 2
300 1.5
5 105 —&00 —&00) 35
—500 —-23
6 110 2400 2400 I
1900 19
7 120 —1200 — 1200 20
Fipw = 700 699916
8 1000000 6994936
4 Fyw =700, use ol water source and sink composite curves (Dhole
e I ,!'_'_"_'_':'_':"': et al., 1996) that do not guarantee global optimum. much
i : higher water flowrates were accounted, i.e. 13 ton/h of fresh
ZOB; [ i i i S e R ' ;' water and wastewater respectively. Isahak and Amminudin
| ; (2004) later suggested adding additional Iresh water to
E i satisly the intake constraint of the waslewaler lreatment
; : facility. In both cases, a sub-optimal network with much
E | higher water flowrates was synthesised. The true solution
) : i for this case is actually a nctwork with zero [resh water
sk : : intake and zero discharge. However, in practical applica-
" :l : N tion. fresh water line and wastewater outlet should be
Foy =0 2500 3300 provided to cater for any contingency or process dis-

Flowrare (tonfh)

Fig. 2. Material recovery pineh diagram for Example 2.

pinch. This resembles the case of Example 2. On the other
hand. threshold concentration is observed at the highest
level, i.e. 1.000.000 ppm and no pinch causing source 1s
found. resembles the case of Example |. The final network
configuration to achieve zero fresh water intake and zero
discharge is shown in Fig. 4.

Note that there are several carlicr works where this case
study wag reported. In the work ol Hall (1997), due to the

turbance during operation upsct.
6. Plant-wide integration

When water-using processes are located far apart in a
plant, geographical constraints should be considered to
carry out waler reuse/recycle. Often. waler-using processes
are grouped according to geographical location before
water reuse/recycle opportunity is analysed. In danother
situation. when a few process plants are served by a
centralised utility plant. there exists an incentive to
consider a plant-wide integralion: to reduce Lhe over-
all fresh water and wastewater fowrates that the
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Fresh

water
12 t/h

REACTOR
Wastewater

Fresh water
4 t/h

ﬁ( HOSEPIPES (Equipment & wasmng;{)

108ppm, 9 t/h Dry
Product
o Pogoer| %
E SECOND
Wastewater ,— WASH |
130ppm, 9 t/h Wastewater |
. > - 44ppm, 9 t/h |
ORGANICS
=)
Fresh water
Fresh water 8 th
FIRST WASH 10 t/h
Wastewater
Fresh water ( T0ppm, 9 t'h
required = J'
40.5 t/h WATER Organics
LAYER Recycle
PRODUCT \ |
Wastewater RECOVERY |
generation = COLUMN Wastewater |
40.5 th 22ppm, 4.5t/

Fig. 3. Process flowsheet for organic chemical production in Example 3 (Hall, 1997).

Tabie 8
Limiting water data for organic chemical production in Example 3 (Hall.
1997)

Water sinks, SK; Flowrate F; Concentration

(ton/h) Ci (ppm)
F Stream
| Reactor 12 03
3 First wash 10 |40
6 Second wish R 63
8 Stream 6.3 46
0 Hosepipes 4 130)
Water sources. SR, Flowrate F; Concentration
(tonth) C, (ppm)
i Stream
2 Separator 9 108
3 Second wash ] 70
4 Column hottom 4.5 22
7 Reaclor 9 130
discharge
1 Diryer 49 44

utility plant is serving. Other factors for considering zoning
of water-using processes include operability, ease of
maintenance and lower piping and instrumentation costs.

The early work on plant-wide integration was found in
the area ol heat exchanger network synthesis. Ahmad and
Hui (1991) termed this as areas of integrity: while
Amidpour and Polley (1997) approached the work using
their problem decomposition strategy. Olesen and Polley
(1996) later extended the problem into water network
synthesis. In their work. upon the completion of integra-
tion within individual zone/processes, plant-wide integra-
tion was carried out to reduce the overall water lowrates of
the entire site. Water source in the region below the pinch
al one zone is sent to region above the pinch in another
zone. Doing this not only will help reducing wastewater
discharge mn the first zone, but also reducing fresh water
flowrale in the second zone, Spriges ¢t al. (2004) introduced
the concept called eco-industrial parks where waste
materials are exchanged among different industries within
the same industrial zone. Hwang and Chung (1999) had
also reported a similar concept on the minimum use of
mass separating agents. Besides, similur concept of indirect
integration has also been applied to heat and mass
integration for batch processes. where heal or mass
load were transferred across time intervals lo reduce the
overall utility targets (Kemp and Deakin, 19892, b; Foo
et al,. 2004, 2005a). In this section, flowrate targeting lor
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Tahle 9
WCT for Example 3 (oreanic chemical production)

i Gy (ppm) EF (tonfh) X, F, (ton/h) X F-XF; (tonfh) Fe o (tonfh) Amyg (g/h) Cum. Am (g/h)
1"‘1.-“- =0
1 0 0
] 0
2 22 4.5 4.5 {
4.5 99 (IPinch)
3 44 9 9 99,
13.5 2
4 46 6.5 —6.5 126
T 119
5 63 20 —20 245
—13 -91
6 70 9 9 154
4 —152
7 108 9 9 2
3 110
b 130 4 9 3 112
10 100
9 140 10 —10 212
Faw =0 0
10 1000 000 212
(Threshold)

plant-wide integration is assessed using WCA technique
(Manan et al.. 2004: Foo et al., 2006b). It is then extended
for threshold problem in the next section.

7. Example 4—Plant-wide integration

Table 10 shows the limiting data for Example 4, taken
from Olesen and Polley (1996). As shown, 15 water sinks
and sources are categorised in three geographical zones. i.e.
Zone A, B and C., Without considering water reuse/recycle.
the overall plant consumes 880.15 ton/h of fresh water and
generates the same amount of wastewater. By considering
water reuse/recycle for individual zones, the total flowrates
are reduced 61.4% from 880.15ton/h to 339.64 ton/h (for
both fresh water and wastewater), WCT for targeting in
these individual zones are shown in Tables 11-13. Further
reduction ol total water flowrate is possible by considering
plant-wide integration.

From Tables 11-13, it is observed that water network in
Zone A has the lowest pinch concentration among three
zones, i.e. 100 ppm. Zone C, on the other hand, has a
relatively higher pinch concentration of 150 ppm: while the
pinch concentration of Zone B is the highest among three
zones, 1.e. 400 ppm. At this point, it is worth mentioning
the significance of the pinch concentration. In the region
above the pinch (with concentration lower than the pinch
concentration), water is in deficit and fresh water 1s needed
Lo supplement the need. Below the pinch (with concentra-
tion higher than the pinch concentration). water is in excess
and wastewater is discharged from this region. Since all
three zones are having different pinch concentrations, in
principle it igs possible to send a “cleaner” water source
from regions which have lower pinch concentrations to

regions of higher pinch concentrations. Doing this will
reduce the overall fresh water and wastewater flowrates of
the combined regions. However, it needs Lo be ensured that
the cross-plant water source(s) has a lower concentration
than the pinch concentration of the receiving zone, since
sending water to region below the pinch will end up in
wastewater discharge (Hallale, 2002; Manan et al., 2004).
For instance, cross-plant water with Zone B should have a
concentration lower than its pinch concentration at
400 ppm.

Due to the existence of three geographical zones, the
plant-wide integration problems for Example 4 may lurther
be classified into those that involve only two zones (e.g.
Zones A and B) and those that involve all zones (i.e. Zones
A. B and C). Both schemes will be analysed in the following
section. The first step to carry out such an analysis is to
identify the individual wastewater streams that emit in each
geographical zone that can be used as the cross-plant water
sources. This calls for the use of WCA for waste targeting
in a reuse/recycle network (Ng et al.. 2006).

Zone A which has the lowest pinch concentration is
firstly examined to identify its cross-plant water source(s).
From Tables 10 and 11. three water sources are observed to
lie in the region below the pinch in Zone A, i.c. SR|. SR,
and SR;. However, not all sources are eligible for plant-
wide integration as portion ol these sources is needed to
fulfil the flowrate requirement of sink SKs. Following
the waste targeting approach of Ng et al. (2006). WCA
is carried out for region below the pinch for Zone A
(Table 14). As shown, the minimum pinch flowrate (F})
that fulfils both the flowrate and load constraints for the
region below the pinch is determined as 5.71 ton/h. Since
56.67 ton/h of the pinch-causing sources (SR, and/or SR,)
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11.22 t/h
I @ 0.78 t/h : HOSEPIPES (Equipment & washing]
| 12 t/h | e . Ha th
v :
—— FEED “ORGANICS{SEPARATOR
4 tih
- ﬂ REACTOR
- 108ppm, 9 tih 8 : SECOND =y
Product
WASH PRODUCT|
E DRYER
E |
| 130ppm pre il 44ppm, 9 th
ORGANICS il
=
4.37 th
FIRST WASH . ’
4.78 t/h
70ppm, 9 t/h
Fresh water S83th
required = WATER —
0t LAYER | Organics
Recycle
PRODUCT _ g 1054k
Wastewater Rgg?JSEY N ‘
produced = & .
0 th u 0.78 tih
22ppm, 4.5 t/h 483 th
6.5t/

Fig. 4, Water network for Example 3 with water reuse/recyele.

Table 10
Limiting water data for Example 4 (Olesen and Paolley, 2006)

Zime Water sink SK, Flowrate F; (ton/h) Concentration C; (ppm) Water source SR, Flowrate F, {ton/h) Concentration C, (ppm)

A | 20,00 0 1 20,00 100
P 66.67 st 2 667 i

3 100,00 50) 3 100,00 100

4 41.67 80 4 41.67 800

5 10,00 400 3 10,00 w00

B f 20,00 i} 6 20,00 100
7 66.67 50 7 66.67 B0

8 15.63 ®0 8 15.63 400

9 42.86 100 9 42 %6 800

n 6,67 4001 1} 6.67 oo

C 11 20.00 0 11 20,00 J 00y
2 BOLOO 25 12 80.00 St

13 S0.00 25 i3 S0.00 125

14 40.00 S50 14 40,00 S00

15 300.00 100 5 300.00 150
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Tuble 11
WO for Zone A (Example 4)

{0 ]
o
L]

Iy Cp (ppm) Lk (ton/h) 3. F (ton/h) Xl -LF, (tonfh) F 4 (ton/h) Amyg (kghy Cum. Anig (kgh)
F[_w = 98.33
| il 20,00 S 20400
78,33 392
P ki) 166.67 —166.67 392
—48.33 2.63
3 /0 41.67 h6, 67 2500 127
—63.33 —1.27
4 100 120.00 120.00 0.00
56,67 17.00 (Pinch)
5 400 10000 — 00y 17,00
46.67 18,67
6 {00 51.67 sl67 35.67
Py = 98,33 98254.67
% 1000000 U8 290,33
Table 12

WCT for Zone B (Example 4)

k Cy (ppm) E,F (ton/h) X.FE (tonfh) X F-E; (tonfh) Fe s (ton/h) A, (kgih) Cum. Amy (kgh)
! 0 20.00 —20.00
34.64 L3
2 50 66.67 66.67 173
—32.02 —0.96
3 ] [5.63 66,67 51.04 0.77
19.02 0.38
4 100 42.86 20,00 232:86 115
—3.84 L15
3 400 6.67 15.63 8.96 (L00
5.2 205 (Pinch)
6 KOO 42 .86 42,86 2.05
47.9% 9,60
7 10060 6.67 6,67 11.64
8 1000000 54 50986
Table 13

WOT for Zone C (Example 4)

A Cy (ppm) I.F) (ton/h) =.F (ton/h) Z-E8 (lon/h)- Fe i (ton/h) Aomg (kg Cum. Apz (kgh)
Fiw = 186,67
| 0 20.00 - —20.00
166.67 4.17
2 25 130,00 —130.00 447
36,67 0.92
3 30 40.00 80,00 40,00 5,08
T76.67 3.83
4 Lo 300,00 20.00 280,00 §.92
~203.3: —5.08
3 125 S0.00 30.00 183
—153.33 —3.B3
0 130 300.00 300.00 (.00
146.67 95,33 (Pinch)
7 800 40.00 40,00 9333
Foow = 186,67 186517.33
i 1000 000 186612.67
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Tahle 14

Waste targeting lor region below the pineh in Zone A (Example 4)

k Cy (ppm) ZF; (ton/h) 24 (ton/h) ZF-50F (tonfh) Fe o (ton/h) Amy, (kg/h) Cum. Amg (kgih)
Fr=35T1

| 100
3.71 L7 1429

2 400 10,00 —10.00 1714.20
—4.29 —1714.28

3 S0 51.67 51.67 0.00
Fy=4738 47343047 62

4 1000000 - 47342047.62

is allocated to this region in the reuse/recycle network
(identified from Fe column just below the pinch concen-
tration of 100 ppm in Table 11), 30.95ton/h ol the pinch-
causing source is in excess and will emit as wastewater
siream in Zone A. Another wastewater source emits from
Zone A 1s identified from the final column of Fe column in
Table 14, ie. Fy =4738ton/h at 800 ppm. Note that
summing both the wastewater source flowrates gives the
total wastewalter flowrate as targeted in Table 11. Hence
both the wastewater streams that emit at 100 (SR3) and
800ppm (SRy and SRs) are identified as the cross-plant
water source candidates for Zone A,

On the other hand. identification of cross-plant water
source(s) in the Zone C is relatively straight forward. Since
no water sink exist in the region below the pinch. the
pinch-causing source flowrate that is allocated to the below
pinch region. ie. 146.67ton/h (identified from the F-
column just below the pinch concentration of 150 ppm in
Table 13). as well as the source at the final concentration
level (800 ppm), 1.e. 40.00ton/h, will emit as wastewater
streams from this zone. From Table 10, these wastewater
streams are identified as SR, (800 ppm) and SR (130 ppm)
and will serve as the cross-plant water source candidates in
Zone C.

7.1. Integration between two geographical zones

Plant-wide integration schemes that involve two zones
are firstly examined. Zone B with the highest pinch
concentration is firstly considered for the plant-wide
integration with Zones A. Due to the pinch concentration
of Zone B that is located at 400 ppm. ils region above the
pinch can only accept a cross-plant water source of lower
concentration. This corresponds to 50.95 ton/h wastewater
source (SRz) from Zone A at 100ppm. Adding this
flowrate to Zone B reduces the (resh water flowrate 1o
45 ton/h (Table 13). consistent with the finding ol Olesen
and Polley (1996). However, the wastewater flowrate in
Zone B has increase drastically to 95.95ton/h (Table 15).
Sending the total available flowrate from Zone A 1
unnecessary as this leads to bigger cross-plant piping and
hence higher piping cost. Hence. one should determine the

minimum cross-plant flowrate to be supplied from Zone A.
Flowrate targeting for this case resembles the case of
multiple fresh water sources targeting (Foo, 2006, 2007).
Eq. (1) is used to determine the excessive flowrate of the
cross-plant flowrate at each concentration level &. given in
the final column of Table 15. Deducting the smallest
flowrate in this column (i.e. 38.10ton/h) from the water
source at 100 ppm in Table 14. and recall that Zone B
originally consists of a water source at 100 ppm with a
flowrate of 20ton/h, this means that only 12.86ton/h is
required as the cross-plant flowrate from Zone A. Detailed
procedure for this multiple sources targeting are referred to
the original work (Foo. 2006, 2007). The overall result of
the minimum cross-plant flowrate is the reduced waste-
water flowrate of 37.86 ton/h in Zone B (Table 16) and a
double-pinch network for Zone B. As shown in Table 16, a
new limiting pinch concentration has emerged at 80 ppm,
in addition to the original pinch concentration at 400 ppm
(Table 12), resembling the multiple-pinch problems in
water network synthesis (Hallale, 2002; Manan et al.,
2004).

On the other hand. if one were (o integrate between
Zones B and C. the only cross-plant source candidate that
is lower than 400 ppm (pinch concentration of Zone B) is
the pinch-causing source of Zone C, iLe. SRys with a
flowrate of 146.67 ton/h. Following the multiple sources
targeting procedure (Foo, 2006, 2007), 10.24 ton/h of this
source 18 required for plant wide integration (Table 17).
This leads to the reduced fresh water and wastewater
flowrates in Zone C as 48.24 and 58 48 ton/h respectively.
Note that a double-pinch network is resulted in Zone B.
similar to the earlier scheme where integration is carried
out with Zone A. Note also that due to the cross-plant
water source from Zone C (I130ppm) is ol higher
concentration than that in Zone A (100 ppm), hence a
higher fresh water and wastewater flowrates are expecied in
this scheme, as compared to the integration scheme
between Zone A and B.

Anather plant-wide integration scheme that involves two
geographical zones calls for the integration between Zones
A and C. Since Zone C has a higher pinch concentration of
150 ppm, wastewater source of Zone A at 10D ppm
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WCT Yor Zone B after integration with Zone A (3095 ton'h from SR; at 100 ppm)

365

& G (ppm) 0 (tonfhy I (tonfh) Z-ZF (ton/h) Fe 1 (ton/h) Any, (ka/h) Cum. Any (kah) Fiw & (ton/h)
!"IF“ = 45,00
1 8} 20000 20,00
25.00 1.25
2 50 66.07 —66.67 1.25
—41.67 1.25
3 80 15.63 66.67 31.04 (.00
9.38 019 (Pinchy
4 100 42 8k 70,05 8.1 0.19
3747 11.24
3 400 6.67 13.63 8.96 1143 38.10
46,43 18.57
6 800 42.86 42.86 30,00 42 86
§9.29 I7.86
7 1001 f.67 (.67 47,56 3317
Foyw = 9393 95856,43
® LOOG 000 95904.29 G591

Table 16

WOT for Zone B after integration with Zone A (12,86 ton/h from SR; at 100 ppm)

k Cy (ppm) I (tongh) X F; (ton/h) I F-50F (ton/h) Feo o« (ton/h) Ay (kg Cum. Angg (kgih)
Frw = 4300
| {t 2000 —20.00
2500 125
2 S0 66,67 —66.67 |25
—41.67 —1.25
& 80 15,63 0H6.67 51.04 0.00
9.38 0.19 (Pimch)
4 100 4286 1286 —10,00 019
—1.63 0.19
3 400 h.67 15.63 8.96 .00
8.33 3.33 (Pinch)
0 800 42.86 42.86 3.13
51.19 10.24
7 1000 (.67 6,67 13.57
j‘l\\.'w = 37.86, 57799.29
8 1000000 STRIZE0

Tible 17

WCT for Zone B alter integration with Zone C (10,24 ton/h from SR 5 at 150 ppm)

i Cy (ppm) L, (ton/hy) L (ton/h) ZiF-EF; (tonfh) Fe o tton/h) Ay (kah) Cum. Ay (kg/h)
Firw =48.24
1 0 20.00 —20,00
B 28.24 1.41
2 30 66.67 ~006.67 1.41
—38.42 -5
A 80 15.63 66.67 5104 (.26
12.62 0.25
4 Loo 42.86 20.00 —22.86 0.51
—10.24 —hr.51
3 150 10.24 10.30 (.00
0.00 (.00 (Pinch)
6 400 6.67 15.63 8.96 0.00
8.96 3158 (Pinch)
T 800 42.86 4286 3.58
51.82 10.36
& o0 0,67 6.67 13.05
Fyw = 5848 58423.66
o 1000600 S437.61
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WO Tor Zone © after integrilion with: Zone A (5095 1on/h from SRs at 100 ppm)

k C (ppm) Y. F (ton hi I.F (tonih) Y XF (tondh) Fo o (tonh) Army, (ke Cunm Anrg (kg h)
Fiay = 169,68
1] 20,00 —=20.00
149,68 3. 14
2 23 134,00 —130.00 374
19,68 (hd4u
E) 30 4000 0,00 4000 4.3
LU 208
4 10 .00 TO.Y5 - 22005 — 122
—169.37 —4.23
5 125 Siro0 000 2HR:
119.37 —2.98
6 130 30000 300,00 .00
INh63 11741 {Pinch)
i U] 40,00 40,00 117.41
Faw = 22063 22045841
'] [Opo om0 22057583

Tahle 19

WCT [or Zome C aller mtegration with Zone A (38,10 tom b rom SRz at 100 ppni)

k ) (ppm) YF (tondh) b (tonh) Y EALF: (tonghy Fe o (tonth) Ay (ke Cum. Armrg (Kg/h)
Fiw = 173.07
1 0 RITRI] —20.00
133.97 383
2 5 | 30000 3000 345
2397 {160
3 50 40,00 0,00 40000 445
f3 g7 320
4 160 30000 as. 10 —241.90 765
—177.94 445
A 125 30,00 S0.00 320
—127.94 —3.20)
8 | 50 30000 300,00 {h00
172,06 11184 (Pinch)
7 S00 40.00 40100 11154
Fyw = 212006 211893 .84
8 1 OO0 00 21200568

(50.95ton/h) can be sent to Zone C to reduce its water
Howrates. Table 18 shows the resull ol this scheme. Note
that in this scheme. due to the large flowrate deficit in Zone
C. the cross-plant Dowrate [rom Zone A does not lead Lo a
double-pinch network in Zone C. Hence the determination
ol minimum cross-plant flowrate is irrelevant here.

7.2 Integration among all geographical zones

Vartous plant-wide integration schemes that involve all
geographical zones are now analysed. The first option
would be to integrate wastewater sources [rom both Zones
A and C with Zone B of the highest pinch concentration.
However, targeting result shows that the overall flowrates

for this scheme equals that of the integration between
Zones A and B. This is the fact that after the integralion
with Zone A. the resulting network in Zone B has become a
multiple pinch problem. with a limiting pinch at 80 ppm
and a secondary pinch at 400 ppm (Table 15). Further
reduction of fresh water flowrate is only possible il the
cross-plant walter source from Zone C is available at o
concentration lower than 80ppm (the cleanest possible
walter source is avallable at 150 ppm in Zone C), This
resembles the typical situation in any multiple pinch
problems (Hallale, 2002: Manan et al.. 2004; Foo and
Maunan. 2006).

The second plant-wide integration scheme that inveolves
all zones is the extension of the carlier integration scheme
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that involves Zones A and B.

In this scheme, the leftover

wastewater sowrce from Zone A after its integration with

Jone B.

e 38 10ton'h ( = 50951286 ton/h) 1s sent for

integration with Zone C. This results in the reduced fresh
water and wastewater flowrates in Zone C to 173.97 and
212.061on/h, respectively (Table 19).

The last plant-wide integration scheme that worth
investigating is the combination ol lwo earlier schemes
that involves integration between Zones A and C as well as
Zones B and C. In this scheme, the wastewater source [rom
Zone A is sent to Zone C (flowrate targeting reported in
Table 18) while the wastewater source from Zone C is sent
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Tahle 21
WCT without eonsidering geographical zone (Example 4)
i Ci (ppm) X8 (tonih) X4 (ton'h) I F-EF (lomfh) Fe i (tan/h) Nony (kaihy) Cum. Ay, (kefh
Fow = 314.36
1 1] 61000 —60,00
254.36 (.36
2 25 130,00 [30.00 6.36
124.36 300
i S0 273.33 800 —193.33 947
e ) =207
4 80 57.29 133,33 T6.04 740
706 0.14
3 [00 342.86 [ 6000 — 8286 754
—178,79 4.39
(i |25 s0.00 50,00 314
125.79 —3.14
7 150 300,00 20000 ARV
174.21 43.55 (Pinch)
8 400 |6.67 |5.63 —1,04 43.55
173.16 69.27
4 00 134.52 [34.52 12,82
AN7.648 61.54
[ 110 6,67 fh.67 174,30
Foow = 31436 314040.80
[ [ (06 000 J421516
o Zonc B (flowrate largeting in Table 17). Doing this Overall results for different plant-wide integration

1 Zones

A and C.

< the fresh water ‘io\\ rates in Zones B and C as well

schemes are reported in Table 20, with the total cross-
plant Nowrates and number ol cross-plant interconnections
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reported in (he final two columns. As shown. the final two
schemes that involve integration among all zones achieve
significant reduction for overall plant fresh water and
wastewater flowrates. The overall networks for these
schemes are shown in Figs. 5 and 6. designed by the
nearcst neighbour algorithm of Prakash and Shenoy
(2005a). If one were to integrate all water-using processes
without considering the geographical zones, the minimum
fresh water and wastewater flowrates will be 314.36 ton/h
(Table 21). However. this does nol appear to be a
favouruble option considering the additional water saving
of less than 1% at the expense of other important
potentially significant factors, such as cxpensive piping
costs, reduction ol plant operability. ele.

Table 22

8. Plant-wide integration for threshold problems

Assume that the earlier discussed Examples | and 2 are
two water networks within the same plant. Conducting 4
plant-wide integration between the two networks helps to
reduce the overall water flowrates. From Tables 5 and 7. it
is observed that Example 1 network has a pinch at the
highest concentration level (1,000,000 ppm) while Example
2 network has a pinch at 60 ppm. Hence, theoretically all
water sources [rom Example 2 network can be used for
plant-wide integration with Example | network, However,
this is subject to the maximum flowrate available in each
waler source, a5 some portion of these sources are
integrated with the water sinks in Example 2 network.

WCT for Example 2 network afler plant-wide integration with Example | network

s C (ppm) X, (ton/h) EF tton/h) X -2 (ton/h) Fe y (tonsh) Angy (kgh) Cum. Anig (kg'h)
.Fy\,\-' = U
1 ] ()
(.00 0,00
2 60 280 BRI 0.00
280,00 5.60 {Pinch)
3 a0 — 500 — 500 A.60
=220.00 —4.40
4 100 300 00 1.20
280.00 1.40
5 105 — 800 —&00 2.60
—320.00 —2.60
[ 110 2386 21356 0.00
1866.00 18.66 {Pinch)
7 120 — 1200 — 1200 [8.66
Py = 666.00 663920.08
b‘ 1000 000 663 938.74

Table 23

WOCT for Example 1 network after plant-wide integration with Example 2 network (source flowrale lrom Example 2 network are added at 60 and L0 ppm)

ke ', (ppm) 3:F; (ton/h) Y (ton/h) - (tonfh) Fe i (ton/h} Anig (kgih) Cum. Anig (kgh)
Frw = 26.00
| 0 0
2600 0.52
2 20 50 T —30 0.52
—4.00 Q.12
3 50 20 —20 1,40
—24.00 —0.24
4 Al 20 20 016
—4.00 —(L16
3 10 30 30 0.00
46.00 0,46 (Pinch)
[ (V] 14 14 (.40
(0,00 8.40
7 D250 40 40 B.56
HO0.00 13.00
b 400 100 —100 BRI
Fupw = 0,00 0.00
vl 1000 000 ] 23,86
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Fie 7. Witer networks Tor Examiple | and 2. with plunt-wide integration (stream in bold): Values indicate stream llowrate (lonh) and concentralion in

parenthesis (ppm).

From Table 7. it is observed that four source candidates
in Example 2 network can be used for plant-wide
integration, i.e. SRy (60 ppm). SRy (100 ppm). SR~ and
SR+ (both at 110 ppm). SR with the lowest concentration
is the first candidate to be considered for plant-wide
integration, as fresh water saving by integrating this source
is expeeted to be higher than using other sources of higher
concentration. However, through WCA targeting. only
20ton/h of this source shall be used for plant-wide
integration. Extracting higher Nowrate from this source
incurs o fresh water penalty in Example 2 network. which
deleats the purpose of plant-wide micgration (recall that no
fresh water is needed onginally in this network).

With the extraction of 20ton/h of waler source [rom
SR, a double-pinch problem resulted for the Example 2
network, Apart from the original pinch concentration at
60 ppm, o sccondary pinch emerges at 110 ppm (Table 22).
Ay a result. SR, which lies between the two pinches al
100 ppm cannot be used as a candidate Tor plant-wide
integration (see discussion in Foo et al., 2006b). Hence. twao
water sources SR» or SRy at 110 ppm are lelt as candidate
for plantwide integration, The total available source
fowrate 18 Tound 1o be 18661on/h (found m mitervals 110

und 120 ppm in Fepeolumn in Table 22). Targeting shows
that only [41on/h of these sources (either SR» or SR4) 18
needed lor plant-wide integration. Extracting  higher
Aowrate [rom these sources will not help in reducing Lhe
overall [resh water Qowrate in Example | network. but will
just end up as wastewnter discharge (recall that Example |
network is originally @ zero discharge network). The WCT
Example | network alter plant-wide integration
15 shown in Table 23. As a result. fresh water Aowrate
of Example | network is reduced from 60 to 26tonth
(Table 23). while wastewater [or Example 2 network i
reduced Irom 700 to 666 ton/h (Table 22), corresponds Lo a
reduction of 36.7%, and 4.8% respectively, Network desien
[or this case is presented in Fig, 7.

for

9, Conclusion

Svnthesis of water network has thus far focused on the
more commonly found water reusesrecycle problems. Little
attention has been dedicated (o the rare but realistic cases
of threshold problems. In this work, targeting for threshold
problems in water network has been addressed using the
numerical targeting tool of water cascade analysis (WCA)
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technique. In addition, targeting for plant-wide integration
was presented. By sending water sources across different
zones via plant-wide integration. overall fresh water and
wastewater flowrates are reduced significantly.
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Abstract

Participation by small and medium enterprise (SML) in corporate social responsibility issues has been found to be lacking. This is o
critical issue, as individually SMEs may have little impact on the environment but their collective footprint is significant. The
management style and ethical stunce of the owner-munager alfects business decision making and therefore has a direct impact on the
environmentil actions of the business. Although adoption of environmental practices to create compenitive advantage has heen
advocated, many businesses see implementation as a cost which cannot be transterred to their customers. After a brief review ol pertinent
literature Lhis paper reports on an exploratory investigation into the issue. Results show that whereas owner-managers ol small
enterprises express concern regarding the environment. this does not then translate into beller waste management practices.
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1. Introduction

Attitudes toward environmental management have been
found te be influenced by many internal and external
factors such as: company size and resource availability,
strategic attitude, sector. and geographic location (Fried-
man et al._ 2000: Gonzales-Benito and Gonzales-Benito.
2006). Small business is defined as an organisation with
more than 1 and less than 20 employees and medium
business has hetween 20 and 200 employees (Australian
Bureau of Statistics, 2004). For the purposes of this paper
these businesses will be referred to collectively us small
businesses. These small businesses contribute o waste
generation yel they appear not to-be committed to waste
management practices. As much of the previous research in
the lield has focussed on large business, business size
differences which impact on a small Arm’s capucity Lo
CTIEALC M WAsle management practices. such as their lower
level of resources und (latter management structure may
not have been given due attention. This omission may have
contributed to the lack of progress made in encouraging
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small business 1o engage i waste management praclices.
Moreover. it 1§ important to business and community
sustainability that small businesses are actively engaged
both in reducing the waste generated by thelr business and
in implementing practices which appropriately dispose of
such waslte.

Owner-managers who have the deaision-making power
in small businesses have expressed interest in the environ-
ment yel this interest has not been translated into betler
wasle management practices. As u consequence, the owner-
managers. ol these businesses were surveyed lo determine
the reasons for the disparity between expressed interest and
maction.

Four factors were explored with the owner-managers: (a)
interest in the environment, (b) business impact on the
environment, (¢) current environmental management prac-
tices and (d) awareness of local environmental matters. The
first factor was included to confirm that the participant
sample was interested in the environment. The other three
factors were identified as having the capacity to explain
both the disparity between interest and muction and/or to
reveal attitudes which may contribute o a lack of
engagement by owner-managers. In particular. the owner-
managers’ responses Lo Lhese matters were considered
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important indicators ol their level of interest and commit-
ment to enyironmental preservation,

Identifying altitudes that might affect engagement in
practices cither 1o reduce or lo effectively manage the
business impact on the environment is important for both
business and community sustainability. In addition. waste
volumes were collected to explore the notion that small
businesses. as a collective, contribute substantially to the
environmental footprint of society. The results of this
exploratory study provide a basis lor future work to
increase small business engagemenl i elfective wasle
management practices,

2, Background
2.1, Business and envirommental management

Globally. businesses are being asked to respond to the
concepl ol corporate social responsibility (Idowu and
Towler, 2004: Longenecker et al., 2006; Quazi, 2003) and
environmental management has emerged as a very
important issue. More specifically, due to ils impacl on
the environment and the community. pressure is mounting
on businesses to more effectively manage and reduce their
level of waste (Department of Environment, 2005; Inter-
national Chamber of Commerce. 2001: US EPA, 2003).

Australia currently consumes more resources and “pro-
duces more waste than al any time in its history™ and “is in
the top 10 solid waste generators in the OECD” (Australian
Bureau of Statistics. 2003, p. 156). “In 1996-1997, landfills
in Australia received 21.2 million tonnes of solid waste.
equating to a disposal rate of around L.l146tonnes per
person, or 3.14 kg per person per day” (Australian Bureau
of Statistics, 2003, p. 156). The various costs associated with
managing this amount of waste exacerbates the issue and
supports the need for waste reduction through changes in
consumption and bechaviour.

The International Chamber of Commerce (ICC) has
designed a Business Charter for Sustainable Development
as a tool to help companies tackle the challenges and
opportunities presented by the environmental issues that
emerged during the 1980s and 1990s. The Charter has 16
key principles that provide a basis for good environmental
practice. The first of these is the need for businesses to
recognise environmental management as being among the
highest of corporate priorities and as a key determinant of
sustainable development (ICC, 2001),

2.2, Business size as an influence on environmenial response

The level of recognition of the importance of environ-
mental management does vary between large and small
businesses (Banerjee, 2001; Luetkenhorst, 2004: Sharma et
al.. 1999), This is partly due (o the fact that environmental
management, like many corporate social responsibility
issues. has primarily been practiced in the “domain of large

TNCs [trans-national companies]” (Luetkenhorst. 2004,
p. 158).

Gaps between theory and practice of corporate social
responsibility in small business are seen as stemming from
the narrow research focus on large business. Thompson
and Smith (1991) advised that the narrow focus led to
assumptions about small business involvement. For exam-
ple. that small business has less opportunity Lo exercise
social responsibility. Thompson and Smith (1901) sug-
gested that as a consequence of the narrow focus on large
business there is a lack of information on how smaller
husinesses should manage corporate social responsibility
tasks and this is a major impediment to progress by small
business.

Understanding corporate social responsibility and en-
vironmental management practices predominantly from a
large business perspective and not from a small business
perspective is problematic as small businesses are noi
sciled down versions of big business (Burns, 1996; Keals
and Bracker, 1988). There are major distinctions hetween
businesses of different sizes, primarily in their management
practices (Jennings and Beaver, 1997). Worthington and
Patton (2005, p. 197) assert that “what drives environ-
mental behaviour of companies is an under-researched and
under-developed area of study. particularly in the context
of small and medium enterprise (SMEs)™.

The level of managerial and financial resources of small
business 1s related to the size of the business and this can
have both positive and negative influences on the capacily
of the business to implement environmental strategies.
Positive inflluences of busimess size have been provided by
researchers (Condon. 2004; Sarbutts. 2003; Wills. 2003).
Condon (2004, p. 57) suggested alter working in a series of
workshops with a group of SMEs in Australia that small
businesses “have a major advantage over larger organisa-
tions addressing sustainability issues—their size means thal
they can react very quickly to changes in the business
environment.” Moreover, Sarbutts (2003, p. 346) suggested
that small business,

by being Natler [structure] and potentially quicker on
their feet and without analysts and sharcholders fixated
by price/earnings ratios. are better placed than major
corporations (o take advantage of the fact that society
and the media revere qualities such as honesty. integrity
and the ability to say sorry...

Another positive for small businesses is thal once an
environmental strategy is decided upon, because of their
relatively small staff numbers, the costs of learning the new
routine and renegotiating responsibilities will be less than
for a large bureaucratic organisation (Wills, 2003). This
does presume however that small businesses are willing to
engage in training, which unless proven to be fnancially
beneficial and operationally imperative is not always the
case (Storey, 2004; Webster ct al., 2005a. b).

Influences of business size which may have negative con-
sequences for implementation of environmental practices
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have also been highlighted in the literature (Condon. 2004;
McKeiver and Gadenne, 2005). McKeiver and Gadenne
(2003) found that the number of employees in a business is
a driver of both internal and external factors that affect the
level of adoption of environmental management. This is in
part due to the fact that if the business is very small the sole
decision-making responsibility may rest with the owner-
manager. Size therefore does matter in many instances and
small businesses are economically important from a global
perspective, as they are the biggest sector by number in
all economies. Small business in Australia. for exa-
mple. accounts for 97% of all private sector businesses
and is recognised as a major contributor to regional
economic growth and development (Australian Bureau of
Statistics, 2002).

Recent research on small business and environmental
management has demonstrated that small business parti-
cipation is eritical for both economic reasons and to
achieve sustainable development (Australian Bureau of
Statistics, 2002: Condon, 2004; Luetkenhorst. 2004: US
EPA, 2003), yet engagement is lacking (Hillary, 2000 cited
in McKeiver and Gadenne, 2005). As business involvement
in environmental management is a relatively new business
issue, literature about small business response to this
challenge has only recently emerged.

2.3. Resources and attitudes as influences on small business
response

While many barriers to small business engagement in
environmental practices have been raised by researchers
(Condon, 2004; Luetkenhorst, 2004; Simpson et al.. 2004:
Worthington and Patton, 2005). two issues appear to have
the most influence. These are the level of resources
available and the prevailing attitudes of the small business
OWNECr-managers.

A business resource in this instance refers to under-
capitalising, being owned and managed by the same
person, and having few employees. In addition, many
small businesses are characterised by informality. poor
information systems, being operational rather than strate-
gic in their decision making and being time poor (O’Gor-
man, 2000: Wang et al.. 2007, Webster et al., 2005a.b).
These characteristics all contribute to the difficulties of
implementing good environmental management practices
in small businesses, even if the owner-manager attitude is
positive.

An example of the impact of limited resources can be
found in the recent literature which has investigated formal
implementation of environmental management systems.
Williams et al. (2000. p. 106) when discussing the
implementation of environmental self-regulation systems
advised that, **much of this development ... has been in
large. well-resourced firms. SMEs have not exhibited the
same level of commitment to these new management
tools””. These results affirm the disparity between the levels
of resources available o implement environmental strate-

gies that large business may have compared with small
businesses. Williams et al. (2000) also draw attention to the
difference in commitment by businesses to environmental
practices. The difference in commitment by small business
may be due to the [act that in these businesses decisions
about the commitment of resources are made by the owner-
manager.

The influence of the manager is central to all business
operations as “there is a critical relationship between
planning in small firms and the strategic-awarcness cap-
ability of the owner-manager...” (Hannon and Atherton,
1998, p. 114) and “'this appears to be strongly influenced by
the personal competence of the owner-managers and the
type, uncertainty and complexity of the business.” Small
business owner-managers are known to implement informal
rather than formal management practices and to think
operationally rather than strategically (Jennings and Beaver.
1997; Upton et al., 2001; Wang et al., 2007). In practice, this
means that most small business planning at all levels is at the
operational or functional level and involves the day-to-day
concerns of running a business and its survival (Long-
enecker et al., 2006; Shrader et al.. 1989; Upton et al.. 2001).
The majority of small businesses operate on a survival
management culture rather than a strategic management
culture, making long-term operational changes difficult to
action as they require a level of forward thinking. Therefore.
as asserted by Luetkenhorst (2004, p. 164) small businesses
will be “more dependent on direct economic benefits of
CSR-oriented strategies.” This need for small business 1o
gain direct benefit from the use of their limited resources is
considered a key trigger lo encourage environmental action.
Indeed. Williamson and Lynch-Wood (2001, p. 431)
suggested that a more proactive model is needed after they
found that “low commitment levels (i.c., attitudes) [to
environmental practice] are supported and reinforced by
reactive practices.”

Another influence on the use of business resources for
environmental management is the owner-manager’s ethical
stance on the environment. Hornsby et al. (1994, p. 9)
noted that among small business owners, it is apparent
that an owner’s value system is a eritical component of the
ethical considerations that surround a business decision.™
Karp (2003, p. 15) has suggested that, “in an increasingly
complex environment, the integrity of the single business
leader will matter...”

Small business owner-managers have many diverse
demands on their time and finances. This mcans Lhal
having the opportunity and resources to evaluate environ-
mental practice options can be more difficull than it would
be for larger businesses (Wills, 2003). To compound this
problem owner-managers often lack the managerial skills
required to implement practices outside ol their technical
expertise (Webster et al., 2005b). Therefore, implementa-
tion of environmental management strategies may chal-
lenge the owner-manager’s managerial expertise, ethical
stance and their capacity to apply, monitor and evaluate
the outcomes of these practices.
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While some small businesses do not see environmental
issues as important (Condon, 2004), most see them as
affecting their business (Simpson et al., 2004), however.
this has not always encouraged engagement (Petts et al.,
1998; McKeiver and Gadenne, 2005). Another impediment
identified by Simpson et al. (2004) was that the owner-
managers’ view that the costs of managing these matters
are not able to be passed onto customers. As a
consequence. only a few sought advice about how to
reduce the environmental impact of their business. The
scant empirical evidence would suggest that whilst owner-
managers of small businesses perceive there to be a cost to
changing any operational practices to be more “environ-
mental”, they are unlikely to make any actual change, thus
perpetuating a beliel that good environmental practice has
a negative effect on the bottom line. Simpson et al. (2004)
concluded that the businesses often did not realise the
potential of environmental improvements to reduce costs
or improve profits. These attitudes, derived from perceived
economic implications. contribute to small businesses
resistance Lo reducing the impact of their business
(McKeiver and Gadenne, 2005).

In addition, small businesses often have a limited
amount ol one type of waste and this may contribute to
an attitude that suggests that their environmental “foot-
print™ is negligible. 1t is considered, however. that the
collective impact of SMEs on the environment is consider-
able and could outweigh that of large companies (Hillary.
2000 cited in McKeiver and Gadenne. 2005; Rajendran and
Barrett. 2003: Williamson and Lynch-Wood, 2001), When
small businesses do not see their business as having a high
impact on the environment (McKeiver and Gadenne, 2005)
this may further deter them from engaging in environ-
mental activities. Attitudes that support the notions that
businesses with small quantities of waste products are not
important, or do not need to implement good environ-
mental practices. oppose elfective waste reduction and
disposal.

When small businesses respond to environmental man-
agement issues, they are most often reactive, defensive and
[requently limit their response to legislative requirements
(Revell and Blackburn, 2004; Worthington and Patton.
2005). Often small businesses do not comply with
compulsory regulatory requirements (Rajendran and Bar-
rett, 2003) or even Llake the time to understand legislative
requirements that affect them (Condon. 2004). This said,
some small businesses have been shown to have moderate
to high “environmentally f[riendly attitudes™ (McKeiver
and Gadenne, 2005). Morcover. adoption of environmen-
tal practices improves with management-level support
(Friedman et al., 2000; Gonzales-Benito and Gonzales-
Benito. 2006: Worthington and Patton, 2003) and attitudes
to the environment improve with the adoption of environ-
mental management systems (Hillary., 1999 cited in
McKeiver and Gadenne, 20035). Two empirical studies
provide examples of owner-managers responding to the
call Lo address the waste impact of their businesses.

First, a UK study by Simpson et al. (2004, p. 163) o
SMEs found that 73% of respondents “were using or has
used environmental services lor waste management.” Thi
demonstrated that some level of waste management practic
had been embedded into their operational strategies. Thi
figure was also much higher than for all other environ
mental practices (e.g., water management—35%; cnorg
efficiency—49%). In fact, Simpson et al. (2004, p. 166
reported that the majority of the businesses ~believed tha
‘waste was money' and had a good housekeeping approac!
to its management”, particularly those in the manufactur
ing companies as they appeared to have an interest in th
cost savings to be gained from waste reduction.

Second. in a small sample of Australian SMEs
McKeiver and Gadenne (2005) examined the variou
factors that influenced the implementation of environmen
tal management systems and identified both lormal (i.e.
engaged in a formal certification process) and informa
practices (e.g.. changing business processes to reduc
waste). Formal implementation was (ound to be enhancet
by “education, legislation, and awareness™ und informa
implementation by “..age. customers and employees’
(McKeiver and Gadenne. 2005, p. 313). As with othe
studies. only some of the businesses had engaged witl
27.1% informal and 11.4% formal implementation o
environmental management systems.

The results of both studies from the UK and Australic
(Simpson et al., 2004; McKeiver and Gadenne, 2005
respectively) are encouraging and confirm that there i
interest in effective waste management among some of the
owner-managers of small businesses, However, the result:
also point to the need for government, employer, employe:
and community involvement to improve engagement.

Competitive advantage has been promoted as a reasor
for encouraging the engagement of small businesses i
environmental management practices. However. lor these
businesses in the UK attempting to meet the requirements
ol environmental issues Simpson et al. (2004, p. 156) founc
that “few organisations could show that it led lo ¢
competitive advantage.” Therefore, the ability to pre
sent the business case for implementing good environmenta
practices would seem to be considered critical in influencing
small business owner-managers to decide to participate.

2.4, The business ease for envirommental imandagement
practices

It has been suggested that there is no conclusive evidence
that environmental strategies have a positive effect on
cconomic performance for business (Longo et al., 2003;
Naffziger et al., 2003). If there was no proof of improved
economic performance then small businesses could be
excused for not allocating their limited resources to
environmental practices as they already have substantial
competitive business pressure on them to survive. However,
recent research in this area has provided more evidence 10
support implementation to gain competitive advantage.
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Arguments [or business to adopt environmental manage-
ment practices have been made from many different
standpoints including: successful market niches and the
development of strong consumer loyalty from so-called
“oreen consumers (Isaak, 1998). operational cost savings,
enhanced staff loyalty, improved government relations,
innovation and learning, enhanced reputation. and con-
sumer respense (Luetkenhorst, 2004). Moreover, Karp
(2003, p. 19) proposed that there 1s sulficient evidence for
the business case and stressed that even though there is still
debate about whether fnancial performance can be
enhanced ““there has been no evidence that social respon-
sibility does not pay back in any form.”

Perhaps some of the confusion regarding the potential
benefits of adopting environmental strategies may be
allayed with education as Simpson et al. (2004, p. 160)
have suggested that. as many small businesses do not
realise the benefits that can be gamed [rom pursuing
environmental improvements. “there is an opportunity for
support services, regulators and stakeholders to raise
awareness of environmental issues as they relate to
businesses, evidencing cost savings and encouraging
businesses to become more sustainable.” Luetkenhorst
(2004, p. 158) goes further by stating:

At the end of the day, CSR will only prevail and remain
an important force if SMEs can be effectivelv engaged
and if CSR can be shown to impact on the development
agenda, i.e., first and foremost on enhancing productiv-
ity as a long-term determinant of economic growth.,

In summary the literature indicates strong support f(or
small businesses to implement effective environmental
management practices to gain competitive advantage and
sustain both the business and the community. This does
however require the allocation of resources by the small
business owner-manager to engage in good environmental
practices. The literature has shown that one difficulty for
small business owner-managers is that they have limited
resources and it appears that the assumption is that these
resources will be allocated to environmental management
only if the business case can be made. While this may be the
case, caisting attitudes which reduce the importance of the
environment may prevent this [rom oceurring. Therefore, it
is important to understand the current attitudes of small
business owner-managers which affect implementation of
environmental management practices.

3. Methodology
Jo A, dim

The aim of this research was 1o test the [ollowing two
propositions:

1. That owner-managers of small business would express
mterest in the environment yet this would not necessa-
rilv translate into better waste management practices, as

action would be influenced by the owner-managers
attitudes and awareness of the local environment.

. That the volume ol waste generated by small business in
one industrial area could be extrapolated to indicale the
collective impact on the environment of all small
businesses is considerable.

g ]

3.2. Research questions and design

As this was an exploratory investigation, the rescarch
design incorporated quantitative methodology to collect
categorical data from the small business owner-managers.
[n addition, qualitative data was collected to provide
explanation of barriers which might be influencing the
owner-managers’ decisions (0 engage In wasle management
practices. To examine the two research propositions, the
main research questions were:

1. What are the small business owner-managers’ current
attitudes toward the environment?

. What barriers did owner-managers experience which
limited their engagement in waste managemenl prac-
tices?

. What is the approximate volume of waste produced by
small businesses in this area in one week?

(&%)

T

The owner-managers’ inleresl in the environment,
whether they thought their business had an impact on the
environment, the currenl environmental management
practices within their business and their awareness of local
environmental matters were also explored.

3.3. Swrvey instrument

Preliminary meetings with the stakeholders led to the
development of a survey instrument which was piloted with
eight small business operators in the industrial arca. After
analysing the pilot data further input from professionals
working within local environmental management organisa-
tions was sought and the survey instrument refined. A
decision was made not to include the data collected from
the pilot study beyond this point as some survey items
differed and therefore the results were not directly
comparable.

The final 30 item instrument consisted of a mixture of
questions which related to the business (e.g.. What is your
business?), the environment (e.g., Are you interested in the
environment?), waste management (e.g., What type(s) and
approximate volume of waste is produced and disposed of
during your business operations each week?) and the local
environment (e.g.. Where do the local stormwater drains
flow?). Three answer formats were used in the survey. ves-
no, multiple-choice and longer answer format. Prior to
conducting the main survey checks of the instrument for
both face validity and content validity were made (Cavana
et al.. 2001).
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The survey instrument was tuken by hand to the total
population of business owner-managers in an  urban
industrial area (147-8 pilot respondents = [3Y) over the
period November 2003 to February 2006 (breaking lor |

month prior 1o and aller Christmas). This area is one of

several small light industrial areas located within the
metropolitan arca of Perth. Western Australia. The local
aren is experiencing rapid growth and impacts on the
environment from industrial pollution sources have been
reported in the light industrial area in recent yvears. Thus
the light industrial arca was selected as an appropriate
location lor this investigation due to it small size and
environmental history,

The business owner-managers were given details regard-
ing the purpose ol the study and advised that participation
was voluntary. This methodology provided an excellent
participation rate (86%) as 120 businesses ugreed to
participate.

3.4 Data emglvsis

As this was an exploratory study frequencies were
calenlaled from the eategorical data collected to mvestigate

the owner-managers’ interest, knowledge and practice of
environmental management. In addition. the volume of

waste generated and costs associated with reeveling the

waste were also collected. Where we report volume of

waste produets the data has been reduced as (ar as possible
to provide a meaninglul response. For example. steel
volunies were collected in many different volume capacities
Lo allow the respondents Lo provide the data in their own
context and therefore included cubic metres. tonnes. tons.
and  kilograms. The Australian Government national
metric conversion tables (Department ol Industry. Tourism
and Resources, 2006) were utilised to reduce the data 1o
two types of volume (1.e., cubic metres and tons).

Qualitative data was collected 16 identify the barriers to
engagement in wasle management practices. The barriers
were categorised into internal or external factors to identify
the location of the difficulty.

4. Results and discussion

After providing the contextual data for the study. the
two propositions that were lested in this research are
discussed in relation to their implications for small business
engagement 1n environmental waste management.

4.1, Contextual data

Profiles of the owner-managers who contributed the data
and mlormation of their businesses are shown in Tables |
and 2.

The demographic profile of the business owner and the
businesses ure consistent with light “industrial”™ areas in
Australia and elsewhere. That is. the tvpes of businesses are
still dominated by independent older male owner-opera-

Tuble 1

Profile ol (he owner manager

Gender () Age (%) Flighest
education (%)

Male R3

Femutle 3

Under 30 3

A1 I

4130 30

S1oab i3

Chver 6l - 12

Ligh school 33
TATE 13
Trude 34
Ulnjversity 20

tors, with trade related skills. operating at a micro level
(i.e.. under five emplovees). This profile needs to be horne
in mind when strategies are sugeested o deal with
environmental issues. as this cohort can be one of the
most difficult to engage in regard Lo behaviour change. 1t
is. however. the very group that collectively is responsible
for a high level ol industrial waste.

4.2, Proposition !

4200 Small business interest and implementation

It was necessary before testing Proposition 1 to confirm
that this sample of small busimess owner-managers were
mterested in the environment before an assessment could
be made of whether this would then translate into better
wisle management practices.

The results conlirmed that these owner-managers were
interested in the environment. with a positive response
given by 98% of respondents who rated environmental
issles a8 important or very imporiani. These resulty
provide the basis on which to test the first proposition of
the study and they are consistent with other research
(MeKeiver and Gadenne. 2003; Simpson et al., 2004:
Willlams et al., 2000).

Owner-managers with a strong commitment to the
CI'I\"EI'DHI’I'IEI'H wWetre t‘.\pt'l.'li:d Lo h}.‘l\r'lf.‘ MCHsuUres n plElCU Lo
ensure that they disposed of their waste appropriately.
Therefore. their actions toward waste management were
probed (e.g.. having measures in place to prevent waste
wiatter polluting the environment). Waste walter was g focus
in the study as the mdustrial
extremely close to a major walerway and as such. wasie
water disposal is a eritical local environmental issuc,

When the owner-managers were asked whether they had
prevention measures in place for waste water produced by
their business. 38" adwvised they did not produce waste
witer. OfF those who produced waste water 69% had
prevention measures in place and the other 3190 did not.
The potential for even a small amount of mismanagement
by these owner-managers could cause environmental harm

arca unc}er SI;'L'J.I[II'[}’ =
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Table 2
Protle of the businesses

251

Type business by (%)

[ANZSIC code)

Structure (%)

Premises () Emplovees (Vo)

Agriculire 3
Mining 1
Manufacturing 23
Motar vehicle services 24
Other service 12
Iroduction 3
Retail trade 17
Technical services 4
Transport ind storage 4
Wholesale trade 6

Independently owner
Subsid[.u'}f or branch
Head olfice
Franchise

Leased

Owned

Full thme statf

1 onlv

2-5
o 19

20 and over

= e

20
34
19

Note: Where totals do not add to 100" no response was given.

as the arca lacks deep sewerage. In addition, the majority
of the businesses (39%) were unaware ol where the
stormwater drains flowed. Withoul measures 1 place.
any polluted water Nows directly to the natural waterways.

Together, a lack of prevention meuasures and a limited
awareness ol facts aboul a key contributor to ensuring
liquid waste is disposed ol correctly. show that the owner-
managers’ commitment is somewhat at odds with the
previous high acknowledgement of the importance of the
environment. These lindings support the contention stated
in Proposition | that the owner-managers” interest in the
environment would not necessarily translate into better
waste mandagement. This environmental rhetoric versus
business reality concept is often explained by the barriers
that small businesses [ace in pursuing good environmental
management practices.,

Part of the reason for this gap between interest and

practice may have been identified in another picce of

cvidence that supported Proposition 1. The owner-man-
agers were concerned aboul general impacts on the
environment (99%) however. their interest was due to the
impact on their family (63%). thus making it a personal
rather than an economic reason. I their interest in the
cnvironment is based on lamily protection rather than

environmental preservation this could account for some of

the lack of engagement by these businesses. which is an
iaroi r{-)r lelLtl‘U l‘CSCi:ll'ClL

+.2.2. Small business impact on the encironment
Many ol the small businesses owner-managers (61%)
acknowledged the impact of their business on the environ-

Table 3
External and mternal barriers to recyeling

External barriers Iternal barriers

Already reevehing as much as
possible

Cost

Lack of knowledge

Not always viable

Sorting material

Space

Timne

Willingness ol sl o comply

Cannol even give away

Cannot reeycele

Shire does not recyele all products
Luck of faclities

Advice of hin supply

Lack ol government support
Lack of bins and/or bin space

No notification ol Shire recyeling
Locating a smtahle contractor
Unreliable storage

ment. Unfortunately. a considerable number of the small
business owner-managers did not see their business as
having an impact on the environment, This result provides
partial support for the statement in Proposition | that the
owner-managers attitudes may  influence their action.
Importantly, the result indicates that there is a need to
demonstrate Lo the small business owner-managers how
their business has an impact on the environment.

4.2.3. Small business barriers to engagement i recyeling
weste

By gathering qualitative data additional barriers to those
identified in the previous literature were revealed. Table 3
illustrates that the owner-managers saw the majority of the
barriers to be external (539%). with only 26% idenlilving an
internal barrier to recyeling.



I8

The nature of the external barriers calls for hoth ereater
support [rom government and others responsible for
environmental management and an increase in co-opera-
tion between those organisations and small business.
However, 1t can be argued that the internal barriers are
ol greater concern because these can be more difficult to
change. While some are inherent 1o small businesses (i.e.,
time. space) many ol these are a matter of perception and,
or altitude tdoing as much as possible. cost. willingness,
lack of knowledge, sorting materials). Further education ol
owner-manager about the benefits to their business of
implementing good environmental practices may resull in
eritical changes being made within the workplace to reduce
the internal barriers to participation.

4.3, Proposition 2

430 Envivommental impact of waste by small husinéss

The second proposition to be tested was that the volume
of wasle generated by small business in this industrial arca
would indicate that the collective impact on the environ-
ment of all small busimess is considerable, Table 4 provides
an overview of the main types and approximate volume of
waste produced in the area per week from the 120 small
businesses. As can be seen. over 350 cubic metres of waste
material and 3500 litres of liquid waste is being generated
in this small industrial area each week.

When viewed on an annual basis these weekly amounts
convert to over [8000 cubic metres of waste material and
over 184000 litres of fluid. The majority of the liquid from
this area was waste oil which generated approximately
180000 litres per year from this area. This 15 equivalent to
filling between two and three domestic swimming pools per
yedr (based o a 30000-70000 litre pool capacity) or three

Tuble 4
Type and valuwme of waste produced by SMEs in one week
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sea containers (based on 40 [ dry cargo Hi-cube container).
“Used o1l is a valuable resource, Even though Australians
are good at recycling used oil (around 194 million lires was
recyeled last year), at least 60 million litres of used oil goes
missing annuallv’™ (Department of  Environment and
Heritage, 2005, p. 1). In addition. the potential danger is
obvious when it is known that “oil is also a pollutant: it
takes only one litre of oil to contaminate one million hires
of water (which is about hall the size of an Olympic
swimming pool), and a single automotive oil change
produces four to five litres of used oil” (Department of
Environment and Heritage, 2006, p. 1). While it is not
being suggested that small business owner-managers are
responsible lor the problems associated with oil used in
vehicles. it is importani that when they. like others, use oil
or service vehicles that the oil is disposed of correctly.

With the potential for multiplication of the generated
wiaste by many other similar small businesses in Australhia,
these results suggest support for Proposition 2. Unlortu-
nately. as reported by Bremmner (2006) it is difficult to make
clear conclusions aboul the collective impact on the
environment of all small businesses as there is a luck of
waste and recveling data available in Western Australia.
Therefore, while more data will need 1o be collected using
other samples, this research provides mital support that
Hillary's (1999, cited in McKeiver and Gadenne. 2003)
contention that small business operations have a substan-
tial impact on the environment may be correct.

4.3.2, Competitive advantage from waste management
While not a specific aim of the study, the notion that
small business will be interested m participating in waste
mandagement strategies when they can see a direct benefit
was supported by the results of this research. The evidence

Procduct Volume
Cubie megres Tons Lnits Litres
Metals
Steel % 117
Cardboard
Packing material, boxes and paper 171
Plastics
Ineluding polystyrene. 144
conluiners, bags,
packing lm, and vehicle parts
Wond
Lnehuding palleis, MDY, 12 4
solid timber. and particle board
Buatleries 35
Rubber
Tyres 420
Liquds
Waste ol I28R
Radiaior voolant RIS

Note: Amounts have heen rommded ofl 1o nearest [ull ninmber.
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for this was given by some of the owner-managers that
provided details on products that were both recycled and
were income generators (or their business. However, those
who did not make a competitive advantage also engaged.
An explanation of why the small businesses may have
chosen the path they did is provided and then 1t is
suggested that those who are not gaining advantage should
be assisted to achieve benefits for their participation.

Strategies to gain benefit [rom recycling efforts of the
businesses varied. Some businesses had a defined procedure
for waste disposal and therefore reaped the commensurate
financial benefit, while others simply accepted whalever
financial benefit they received from removal contractors.
More worrying was that other owner-managers paid
contractors for the same sort of waste to be removed from
the business premises. This provides further evidence that
many small businesses work at a survival/operational level
rather than planning strategically., and that this can have
negalive economic consequences for the business. Three
examples are given to provide illustration of the results of
the different approaches used by the owner-manager.

Steel is one of the most economically valuable products
to recycling contractors, yet the benefits reported by the
small businesses ranged from a cost to the business for
removal, to an income of $A90 per tonne.

Paper when given Lo recyclers also cost some businesses
vet others received $A38 per load. In this industrial area,
171 cubic metres of cardboard and paper products were
recycled. According Lo Visyboard (2006) it is estimated that
every “one tonne of recycled paper or cardboard saves:
approximately 13 trees. 2.5 barrels of oil, 4100kW h of
electricity, 4 cubic metres of landfill and 31780 litres of
waler.” In addition, other broad effects on the environ-
ment are evident in paper manufacluring processes
including the production of significant quantities ol waste
water (Thompson et al., 2001). Recycling can assist in the
reduction of these effects on the environment.

A third example is oil recyceling, where some businesses
were paying to have oil removed while others were
receiving up to SA40 per drum for their waste oil. At the
highest resale value given (SA40 per drum), the market
recycle value of the collective annual oil production from
the small businesses within the industrial area is approxi-
mately SA36 000. While it 1s acknowledged that this is not a
great deal of money. when the _averaiéc annual turnover of a
small business in Australia ranges from $A82000 to 1.08
million (ABS, 2002). loss ol any profit should be important
for those at the lower end of the scale. Moreover. recovered
waste oil can be recycled and approximately 80% of this oil
reused. Therefore, this resource is not only of some
cconomic value to small businesses, the recycling efforts
are critical particularly in the 21st century when greater
pressure is being placed on the availability of these
commodities due to growing consumption rates globally.

These figures indicate that some businesses gain compe-
titive advantage and contribute to the community by
implementing good waste management practices and some

do not. The owner-managers” views also highlighted thal
they were often unaware of what happened to the products
once they were given to the reeyeling contractors and no
longer ““their business”. Combined, the cvidence of
different economic return for generated waste and lack of
awareness of where wasle is disposed ol after it leaves the
business premises provide opportunities for local environ-
mental organisations lo work with the business owncr-
managers and waste removal contractors to provide the
best outcomes for the business, the community and the
environment.

4.4. Summary of results

The results indicated support for Proposition 1 that their
interest in the environment would not necessarily translate
into better wasle management as a limited number of
businesses had implemented prevention measures Lo ensure
that they disposed of their waste appropriately.

[t was also established during the testing of Proposition |
that the owner-managers are more inlerested in the
environment for personal rather than economic reasons.
This may confuse the research on environmental practices
by small business as the assumption may be that by saying
that they are interested in the environment they mean that
they are interested in preserving the environment and this
may not be the case.

Partial support was provided that the owner-managers’
actions were being influenced by their attitudes and
awareness of the local environment. This was manifest in
three results. First. the majority of owner-managers had an
altitude that their business had no impact on the
environment. Second. the internal barriers identified by
the owner-managers to engagement related to perceptions
and/or attitudes. Third. the owner-managers™ low aware-
ness. of local environmental matters which assist appro-
priate waste disposal indicated a lack of commitment to the
local and global environment. Each of these was consid-
ered to be a contributor to inaction. Although only partial
support was given here, it is considered that their attitudes
and awareness did influence their actions. However. there is
insufficient data to measure the link belween these
variables.

Proposition 2 was supported by the research findings as
the total volume of waste generated in this one industrial
area supported the view that small businesses as a collective
may have a considerable impact on the environment and
this impact could outweigh that of large companies.

5. Conclusion

Sustainable business requires an appropriate response to
change and in today’s society, environmental issues have
become critical as it is recogniscd thal the outcomes
achieved in environmental management areas such as
waste management will have an important impact on the
local community.
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The importance of both small businesses and sound
environmental management to the growth and sustainability
ol developed countries has been acknowledged and as the
environmental fragility becomes more apparent. it is the
obligation of everyone to take responsibility. Some inroads
have already been made on environmental matters by both
large and small businesses. however. more needs to be done
to encourage greater commitmenl by small business to
engage with the local community in which they operate.

The literature has shown that smuall businesses have
several advantages over large businesses that could enable
them to address the environmental impact of the waste
generated from their business. However, it is still not clear
how great the gap is between their interest in the
environment and their day-to-day practices to reduce the
impact from their business operations. There still appears
to be an element of rhetoric versus reality among small
business owners and little progress has been made about
how to bridge this gap.

The attitudes of small business owner-managers have
been shown Lo have an influence on what happens in their
business and on the decision to participate (or not) in any
waste management practices. The evidence is growing that.
by implementing environmental management practices.
lasting economic benefits can be made and that these
practices can creale competitive advantage. Small businesses
need to be made awarce of this and further evidence will
continue to be needed to prove the business case to small
business owner-managers. An approach to education of this
sector is also needed that will provide the owner-managers
with knowledge about how to make appropriate changes in
their business to take advantage of the benefits. It is
suggested that when the education programs are developed
they consider the perspective of the small business owner-
manager and emphasise the benefits to be derived from
incorporating business environmental strategies.

A snapshot of the current attitudes of owner-managers
regarding waste management practices in one industrial area
has been provided to illustrate their influence on the
implementation of environmental management practices.
Increasing engagement by these and other small business
owner-managers lo reduce waste and implement good
environmental management practices is crucial to local
and national economic and social outcomes. It is clear that
this will need the co-operation of government, businesses
and the local community to initiate and sustain the changes
necessary to create and maintain a sustainable environment.
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This work investigated water samples collected from Tupeng Lagoon and three neighhouring rivers (the Kuoping River. Tunelkang
Riverand Lingheng River) in Taiwan, Republic of China. Canonieal discriminant analysis was applicd 10 identily the source of pollution
in neighbouring rivers outside Tapeng Lagoon. The two construeted diseriminant Junctions showed a marked contribution to al
discriminant vanables. and the totl nitrogen. algae. dissolved oxygen and 1otal phosphate were combined as the nutrient effect factor
The recognition capacitics of the two diseriminant functions were 95.6"% and 4.4%_ respectively. The water quality in the Kaoping River
most strongly controlled the water gquality in Tapeng Lagoon. Disassembling the ovster frames and fishery boxes had improved the water
quality markedly. The methodology and results provide useful information concerning walershed management and may he applicable te
other basing with similar properties that dre experiencing Similar coastal cnvironmental issues.
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1. Introduction

Marine environmental resources were an  important

global issue over the past decade. especially in the field of

estuarine water-quality management. In Taiwan, Republic
ol China. and throughout the rest ol the world. end-point
treatment of point pollution sources is the best way (o
improve the quality of water and prevent coastal pollution.

Non-point pellution sources that mAuence the quality ol

surfuce water ure aldo sertous concerns. Rivers carry

municipal and industrial wastewater as well as run-ofT

from agricultural land in vast drainage basins. Therelore.
Lthese water bodies are highly vulnerable to pollution (Singh
ct al., 2005), The quality of surface water within a region 13
governed by both natural processes (such as precipitation
rale, weathering processes and soil erosion) and anthro-
pogenie effects (such as urban. industrial and agricultural
activities. and the human exploitation of water resources)

*Corresponding author. Tel: —546 4762 4002%361;
fxi F 8868722397,
E-nil adeyess: swliaoemall tenedo tw (8-W, 1Liaa)
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(Jarvie et al.. 1998). Seasonal variations in precipitation.
surface run-oll. groundwaler flow. interception and ab-
straction strongly aftect river discharge and. consequently
the concentrations of pollutants in river water (Vega et al.,
199%), The pollution of rivers must therefore be controlled
or prevented. and reliable mformation on the quality ol
waler must be obtaimed i order to support eflective
management. Lagoon remediation is both inefficient and
costly. Therefore. effective pollution contrel and water-
resource management. especially in lagoons. depend upon
identifving the main sources of pollution.

Human activities have gradually destroved the halance
ol the ecosystem in Tapeng Lagoon, Tarwan. The scawater
exchange rate i1s not sufficient to eliminate pollutants
because the process only occurs through one pocket-shape
ol hole. Therefore. the quality of the water s becoming
worse and cutrophication is occurring, The medium-to-
strong pollution levels in the Lingbeng River. Tungkang
River and Kaoping River during rising tidal periods, and
the sinking of the inner canals during ebbing tidal periods,
prabably mfluence the pollutanis m Tapeng Lagoon.
Water-quality data reveul that at many monitoring points
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along the Kaoping River and the Tungkang River, the
water quality is poor. In the current work, data obtained
after disassembling the oyster frames and fishery boxes in
the Tapeng Lagoon 13 observations of 12 water para-
meters, and in the neighbouring rivers 21 observations of
14 water parameters, were analysed using canonical
diseriminant analysis (CDA) approaches. These statistics
were applied in order to distinguish the effect of neigh-
bouring rivers on the water-quality parameters, and to
identify the sources of pollution from neighbouring rivers.
The water quality was also analysed both in the rivers and
in the lagoon. In addition. CDA was used to construct the
functions of the monitoring parameters. identify and
estimate the contributions of possible sources to the
parameters associated with neighbouring rivers. The aim
of the current work was to perform CDA in order to
demonstrate its applicability and effectiveness in environ-
mental research. This is the first study in Taiwan that has
taken such an approach. The results will be helpful in
developing a methodology for use by the government in
refining its management programmes.

2. Materials and methods
2.1. Site deseription

Tapeng Lagoon is a semi-enclosed coastal lagoon that is
located at a latitude of around 120727 north and a
longitude of around 22726 east. The lagoon has only one
tidal inlet, through which water is exchanged with the
coastal currents along the Kaoping coast, which is located
on a narrow shell in southwest of Taiwan. Tapeng Lagoon
has a total water area ol around 532 ha. The study area was
located in a zone with a tropical chimate, and was exposed
to sunshine throughout the year, except for an average of
28.9 ramy days during the summer. The southwest
monsoon influenced the rainfall. The study area was
enclosed by the Taiwan Strait to the west, the central
mountains to the east, the Kaoping River and the
Tungkang River to the north, and the Lingbeng River to
the south,

The Lingbeng River, Tungkang River and Kaoping
River have total lengths of around 42. 44 and 171 km,
before they drain into the Taiwan Strait, with catchments
areas of around 336, 472 and 3257 km?. which are home to
around 0.1, 0.5 and 2 million people. respectively. The
Lingbeng River has suffered almost no industrial pollution.
The Kaoping River has the highest annual run-off in
Taiwan (around 8455 millionm?). These rivers are direct
recipients ol untreated domestic wastewater and effluents
from a few (mainly petrochemical) mdustries located along
their courses. They also receive agricultural run-oft from its
non-point sources thronghout their vast catchments areas.
Tapeng Lagoon might be affected by these neighbouring
rivers. Scasonal variations strongly alfect the ecosystem ol
thig area, which is known as the Bay area. Aquaculture,
including oyster farming and fish cages, is common in the

Bay area. because the water is calm and nutrient-rich. In
fact. the quality of the lake water has reportedly worsencd
and eutrophication has occurred as a result of their
pollution (Liao et al.. 2003). However, all of the fishery
facilities were disassembled when the Tapeng Lagoon
National Scenic Area was established in 2003. Therefore,
the water quality improved after the oyster frames and
fishery boxes used in aquaculture were removed. But the
balance between the nature and anthropogenic disturbance
has been disrupted.

2.2. Water sampling and analysis

Water samples were collected during July 2004 at 13 sites
in Tapeng Lagoon. A grid-sampling method was used 10
obtain representative measures of the quality of the lagoon
water. In addition. 21 sites (seven in each river) were
sampled in three neighbouring rivers outside the lagoon
during July and August 2004, in order to identifv the
source that had the most negative effect on the quality of
water in Tapeng Lagoon (Fig. 1). The sampling, preserva-
tion and transportation of the water samples followed the
standard methods of the American Public Health Associa-
tion (APHA, 1995). The temperature, electrical conductiv-
ity (EC) and pH of the water were measured on-site using a
mercury thermometer, EC meter (WTW LF 320/Set) and
pH meter (WTW pH-320 Set-2), respectively. All other
parameters were determined in the laboratory following the
standard protocols (APHA, 1995). The samples were
analysed in order to evaluale 14 parameters as follows:
temperature (7), total alkalinity (T-Alk). concentration of
chloride (C17). EC. total concentration of kjeldahl nitrogen
(TKN). concentration of phosphate (POJE). pH, concen-
tration of dissolved oxygen (DO). UV-254, total concen-
tration of coliform (T. Coli). number ol algae (algae).
concentration of chlorophyl-a (Chloro-a). concentration of
sulphate (SO;%) and total solids (TS). The quality of the
analytical data was ensured by careful standardization,
procedural blank measurements and triplicate samples.
The laboratory also participated in a national analytical
quality-control programme.

2.3. Statistical methods

Environmental monitoring typically generates wast
amounts of data, which are difficult to analyse and
interpret because the relationships among the variables
are complex. Multivariate approaches have been used
successfully to support the interpretation of complex ficld
measurements, and to extract meaningful information from
such databases (Simeonov et al.. 2003a. b; Lambrakis et al..
2004; Singh et al.. 2004, 2005; Papatheodorou et al., 2006).
CDA can be used to interpret the spatial distribution of
bicassemblages with multiple environmental paramelers
(Cruz-Castillo et al. 1994; Momen and Zechr, 1908;
Comber et al.. 2005; Liao and Chang, 2003).
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CDA determines how a sel of quantitative variables can
differentiate among several known classes. It vields linear
functions of quantitative variables that maximally separate
two or more groups of individuals, while mmimizing the

Water sampling sites i Tapeng Lagoon and neighbouring rivers,

variation within  groups. This approach  distinguishe
uncorrelated canonical diseriminant functions (CDFs;
which are the hnear combinations of the original vanahle
that most strongly separate the average values of th
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groups of observations (Rencher, 1992). The maximum
number of CDFs is the smaller of the number of
independent variables and the number of class variables
minus one. The first CDF. which is denoted as CDF,.
quantifies the maximum possible variation between groups.
CDF, represents the group differences that are not
captured by CDFy. and is not correlated with CDF,.
Similarly, CDF;5 1s not correlated with either CDF, or
CDFa, and indicates group differences that are not
displayed by CDF| or CDF;, and so on (Sharma, 1996).
This implies that each CDF extracts a unigue dimension of
information from the dataset. The CDA approach also
allows the relationships among the groups to be graphically
represented by plotting the values of the canonical scores of
sample observations. As well as identifying outliers within
the data, these plots can also be used to assign a new
observation to an existing group. The canonical scores for
a new ohservation are determined for the first two (or first
few) CDFs and its position is plotted. The new observation
is then assigned to the group whose average value is closest
Lo ils position.

Two main statistics explain the characteristics and
structure of the CDFs: first, the total canonical structure
coelficients (TCSCs), which are the correlation coefficients
between the individual variables and the canonical scores
(similar to the variable loadings in factor analysis); and
second, the total standardized canonical coefficients
(TSCCs), which are the multipliers of the standardized
independent variables that yield the standardized canonical
scores. The validity and use of these two indices have been

Table 1
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discussed elsewhere, although controversies still remain
(Rencher. 1992; Cruz-Castillo et al., 1994; Huberty, 1994;
Matthew et al., 1994: Momen and Zehr, 1998). The TSCCs
specify the joint effects of the independent variables of a
given CDF, and so are more informative than the TCSCy
(Rencher, 1992). However, the TSCCs can be misleading
when independent variables are related to each other
(Cruz-Castillo et al., 1994). In the current work, the TCSCs
were used Lo interpret the CDFs. because significant
correlations were obtained among some of the independent
variables (Table 1). The TSCCs were used to yield the
CDFs in the present analysis.

In the current work, spatial variations in the river water-
quality parameters for Tapeng Lagoon were evaluated
using a correlation matrix and the Spearman non-
parametric correlation coefficient. Multivariate analysis
ol the water-quality data was conducted using a CDA
approaches. Because the water-quality variables had
different measurement units. CDA was applied alter the
experimental data had been standardized by a z-scalc
transformation: this approach was intended (o prevent any
misclassification caused by variations in the dimensionality
of the data (Rencher, 1992). Standardization tends to
minimize the effects of variation among the variances and
to eliminate the effects of different measurement units.

Three neighbouring rivers were selected for evaluating
the source of pollution to the lagoon. Stepwise multiple-
discriminant analysis was conducted Lo correlate the river
groupings with the physical and chemical variables
obtained [rom the water samples. The 14 parameters (7.

Pairwise correlation coefficients of water data in the three neighbouring rivers of Tapeng Lagoon

Diseriminate variahles 7T Alk Cl EC TKN TP Uv-254 pH [HPC DO Algae Chloro-s 8057 TS

' 1.00

Alk 0.33 1.00

Cl —0.10 =002 1.00

LEC —0.07  —0.05 0.55 1.00

TKN 038 =001 =043 020 100

ny .64 0,28 (.07 =002 0.77 1.00

Uv-234 003 00 =004 008 0.3 022 1.00

nH 0,20 —0.54 0.09 0.04 —0.49 —039% —0.723 1.00

HPC 0.67 0.35 0.12 —0.10 039 065 0016 =013 1.00

(5]6] 040 —0.13 0.06 016 =012 006 -022 038 0.36 1.00

Algae 029 —0.09 2021 ~0.03 —-0.39 —045 -022 0.11 —0.15 —=0.12 1.00

Chloro-a 0.54 045 —0.06  —0.10  0.62 0.82 0.10 =039  0.83 0.08  —0.22 1.00

SO —(0.10 0.07 0.98 042 —0.13 —-0.06 —0.04 0.06 —0.08 0.02  —022 —0.02 1.00

TS ~0.08 0.01 013 =005 =023 —0.12 0.02 022 —=0.08 024 —0.42  0.05 0.14 1.00
KP

Mean 2864 20670 316.00 178671 018 000 0.62 7.95 542E+0Q7 574 191,29 2286 125.30 984.43
oD 041 130,09 1108.07 272610 0.08 000 0.04 030 7.27E+07 197 101,33 571 4972 2231.30
TK

Mean IRTR 14827 181744 115786 0833 001 98.37 776 276E+07 446 8171 2286 239,85 343.57
23D 0.05 8371 4622200 138578 025  0.0] 25824 0.30 JBTE+07 138 3507 571 408.14 393,52
Lr

Mean 3079 IRE.S00 266.30 1206000 046 001 0.84 791 TA8E+07 7.03 113.00 2017 02:64  561.14
an 1.04 7421 461.00 144098 0,48 0.02 0.69 0.19 1L19E + 08 .13 47.64 3423 17.84 307,38

Bold values are significant at #<0.03: Abbreviations: KP, Kaoping River

. TK. Tungkang River; LP, Lingbeng River: SD. standard derivations.
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T-Alk, CI", EC. TKN, PO;-. pH, DO, UV-254, T. Coli.
Algae, Chloro-¢. SO;= and TS) were divided into groups
according Lo the three rivers based on their classification
and ordination. The caleulation was performed using the
STATISTICA package [rom StatSolt (1996).

3. Resnlts and diseussion

CDA  was applied to the normalized data matrix
(21 % 14) For July 2004. in order to determine the CDFs
that governed the observed responses. The class member-
ship for the three rivers (the Kaoping River, Tungkang
River and Lingbeng River) was lower than the number ol
independent vanables (14 water parameters). so two CDFs
were determmed. These muin water-quality parameters
were assumed o allect the river classes. A Torward-
stepwise approach was applied to determine which ol the
variahles could he incorporated into the model (StatSoft.
1996). An F-test was conducted to identify the most
discriminating variables. The process was terminated when
the dilTerences ceased to be signilicant, Table 2 shows thal
all of the discriminant variables included was significant
according to Wilks” Lambda test. The order of inclusion in
the model according 1o the F-test was as follows: TKN.
Chloro-a. Algac, DO, HPC, EC. UV-254, TP, T. pH. C1".
TS. SO, 7 and Alk. The factors we considered were the
ocean-caused factor. the nutrient factor. the dissolved-
oxveen factor. the primury-productivity factor and the
environmental-pollution factor. Accordingly. the rivers
showed great vanation. The Lingbeng River was not
polluted by industrial wastewater. while the other rivers
were polluted by industrial domestic and agricultural
wastewater. The discriminatory capacity of the most
important variables in the models followed the following
order: TKN., Chloro-a. Algae. DO. HPC. EC. UV-254 and
TP. TKN and TP are nutrients that influence the large-
scale lormation of algae, and therefore affect the measure-
ment of Chloro-a. Algae and DO. The HPC content

Tabhe 2

Quicomes ol CDA determined by forward stepwise method Tor the three
rivers (CDA was not chosen when Wilks” Dambda< 00014, or P=vilues
N ERYTHIIE S

Discriminate variahles Wilks" Lambdi F-remaove P-level
reCy (.003 2099 218
Alk (mig/L) 0002 0714 0,534
Climed.) [hon2 1,235 1), 366
EC (psem) (.003 FRIT (131
KN (mg'L) OIS anazT 00Nz
TP (tmg/L) 003 2.405 (183
UY-254 (em ) 0,003 2.727 0.158
plt (.002 1:527 (1,304
HPC (CUmbL) (1003 3200 427
DO (mail) 0,004 4950 0).063
Adgae tunitmb) (.007 Y.6TY {1019
Cliloro-a {mg/m’) (1.0O08 11,541 D013
SO, tme/l) 0,002 0,740 (1,523
TS (g1 ) 002 (.960 0,444

Table 3

Outeomes ol the total standardized canonical coefficients (TSCC) und 1l
tokal canonical strueture coethicients (TCSC) betwedn cananival discrim
nant functions (CDF,. ORI and diserimmant vanables

Diseriminint varubles CDIE CDF;

TSCC TONE ISCC TCs
7o) 1.59 Q.01 —(hAu —0.3
Alk (me L) (.91 (.03 —1.06 =1
Cl tme L) -8.37 (.42 —7.83 00
LC (ps em) —~ 241 (.01 1,03 0o
TKN {mg L) —6H.80 —{L08 =, I& =0
TP img'1) —1.38 -0.03 253 0.1
UTV-254 (e ) —1.49 —(.03 1.2 0.0
pH 1,30 [IRTES ()33 =10
HPC (CT L mL) 342 (.02 333 (1
DO (my'l) 2,05 0,04 0,12 —{L2
Algae funit ml.) 225 .06 (.06 1
Chloro-u rml__f'm'l] 915 1.0 6.21 {0
SO; (mg L) 388 042 746 1.4
TS {mpL) 1136 (.02 —HN (A
7 Lest 75,87 2104
Canomeal coefhelent 1194 (I
Eigenvalue 115,65 5.20
Cumulative varanee .96 1.0

Bold numbers are which relatively high absolute values.

indicates the level of pollution. The canonical correlatio
coclficient (that is. the square roots of the ratie of th
between-group sum of squares to the total sum of square
for a given CDF) exceeded 0.8 [or both of the CDF
(Table 3). The eigenvalue (that is, the ratio of the betweer
group sum ol squares to the within-group sum of sguare
lor a given CDF) also exceeded | for both CDIs. The tw
CDFs together explaimed 100%  (95.6%, and 4.4%
respectively) of the variance at the 21 sampling sites. Th
values of the discriminant variables were standardized i
order to determine the relutionships between these var
ables and the functions. The standuardized CDFs wer
obtaied vsing the followmg formulae:

CDF = 1.5397 4+ 0.9TAIk —8.37CI- + 281EC — 6.80TKN
— 13RTP — LOOUV-234 + 130 pll — 3.42HPC + 205D
+ 2.25A0gae + 9.1 53Choro= + L8880, = — 0L361S;

CDF2»= — 0407 — LO6ATKk — 7.83C[7 + LOSEC — 08 TRN
253TP 4 1.02UV-254 + 0.533pH — 3 33HPC  0.12DC
£ 006 e -+ 621 Chloro-g + 7468052 L8YTS

The three river classes were distinguished using tw
CDFs, CDF| had the highest canomieal coeflicient (().94
and was defined by eight discriminant variables. whos
canonical coethicients had high absolute values: Chloro-¢
Cl . TKN. SO4 . HPC. EC. Algac and DO. Accordingly
CDF, comprised the caused factors mamly the nutrien
fuctor. the domestic wastewater {actor and the ocean
caused factor. The TCSCs indicated thal the variances ¢
the varables in CDF | were as [ollows (in ascending order
TIKN. Algae, DO, and TP (Table 2), TKN and TP ar



S-W. Liao et al. / Journal of Environmental Management 88 (2008) 286292 201

nuirients that can influence the production of algae. and
thus the DO content. Table 2 shows that the measured
TKN values in the Tungkang River and Lingbeng River
exceeded that in the Kaoping River. Visual reconnaissance
in the field established that some segments of these two
rivers were exposed to the effects of livestock breeding and
tillage wastewater. The amount of algae was highest in the
Kaoping River and the lowest in the Tungkang River. The
amount of algae was correlated not only with TKN but
also with other potential factors, including water tempera-
turc, sunlight intensity and duration, and algal inhibitors.
Additionally, the DO was highest in the Lingbeng River
and lowest in the Tungkang River. Sampling sites in the
Lingbeng River were concentrated in the middle-lower
reaches. where duck-breeding farms were densely located,
and nutrients and algae were prevalent. These sites
therefore had a relatively high DO during the day. TP is
also an important factor for algae but was not prevalent in
the three rivers. In summary. CDF, was identified as the
nutrient factor based on the TCSCs, The nutrient factor
was able to distinguish among the three rivers and
explained 95.6% of the total variance in river water quality.

CDF, had a higher canonical correlation of 0.92 and was
defined by five discriminant variables. which had canonical
coefficients with high absolute values: C1~, SO, %, Chloro-
@, HPC and TP (Table 3). CDF, comprised the caused
factors mainly the nutrient factor, the domestic wastewater
factor and the ocean factor. The order of variance of the
variables that contributed to CDF5 was as follows: 7, DO,
Algae and TP. The intensity and duration of sunshine
strongly alfected the surface water temperature. And the
other important factors were nutrient lactors. Although the
discriminant capacity of CDF> was only 4.4%. it was also

identified as the nutrient factor. Fig. 2 presents a

River ¢lasses elassification
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Flg. 2. Seatlerplot of the three rivers neighbouring Tapeng Lagoon in
thage two diseriminant functions.

scatterplot of the two CDFs to distinguish among the
three rivers. Finally, [ive sampling sites thal were sig-
nificantly influenced by the ocean tide and located at the
entrance of Tapeng Lagoon were selected: bl. cl, dl. b2
and ¢2. The two constructed CDFs were substituted with
standardized water-quality parameters for the five sites in
Tapeng Lagoon; this indicated that the quality of water at
each site, except bl, was similar to that in the Kaoping
River (Fig. 2). Thus. the Kaoping River most strongly
affected the water quality in Tapeng Lagoon (on the basis
of statistical approach). The reason caused this conclusion
was that Kaoping River had the biggest catchments in
these three rivers and also status of the ocean flow
mechanism in these estuaries.

4. Conclusions

CDA was demonstrated as a useful tool lor classifying
river types in the present study. which identified physical
and chemical properties of water in Tapeng Lagoon. This
method was used to establish a feasible conceptual model
of the relationships between water characteristics and river
distributions. Moreover, it revealed that the Kaoping River
water quality had the greatest effect on the Tapeng
Lagoon. Furthermore, considering the two constructed
linear discriminate functions, the main factor was the
nutrient-alfected factor. The CDA summarized the im-
portant differences among predetermined groups by
reducing the dimensionality of the datasets. while account-
ing for the complex relationships among mulliple char-
acteristics. Such insights cannot be gained from univariate
statistical techniques. Knowledge ol CDA clarifies the
variables to which various types of river are most sensitive,
Controlling these discriminate variables will enable Tapeng
Lagoon to be managed, and a biodiverse habitat to be
created and supported. The approaches and results
described in this report will help the government to refine
the current monitoring programme by selecting the
determinants of physical and chemical characteristics of
river water samples, which might be applicable to other
wetlands with similar properties and environmental pro-
blems.
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Abstract

The management of the big amount of fly ash as huzardous wiste [rom the municipal solid waste incinerator (MSWI) has encountered
many problems in China, In this study. a [easibility rescarch on MSWI fly ash wtilization as partial cement subslitute in cement mortars
wiis therefore carried out. MSWI fly ash way subjected to washing process to reduce its chlorine content (from 10.16% to 1.28%).
Consequently, it was used in cement mortars. Ten percent and 20% replacement of cement by washed ash showed acceptuble strength
properties. In TCLP and 180-day monolithic tests. the mortars with washed ash presented a little stronger heavy metal leachability, but
this fell to the blank level (mortar without washed ash) with the addition of 0.25% chelate. Therefore. this method is proposed as an

environment-friendly technology to achieve a satisfuctory solution for MSWI {ly ash management.

0 2007 Elsevier Lid. All rights reserved.

Kevivords: MSWI fiy ash: Heavy metals: Leaching: Compressive strength: Dithiocarbamic chelate

1. Introduction

Incineration hus become a preferred option Lo dispose
municipal sohd waste (MSW) in big eities (e.g. Shenzhen,
Shanghai. Beijing, Tianjin. Guangzhou, Hangzhou) in
China. Nowadays, there are about 70 MSW incinerators
(MSWI) and the total capacity has reached 33010t/d
(China Statistical Yearbook, 2006). The pollutants gener-
ated in the incineration process are trapped in the air
pollution control system with production ol a big amount
of fly ash. MSWI fly ash with concentrated heavy metals
{e.g. Cd, Cr. Cu, Ni, Pb) and organochlorine compounds is
considersd as hazardous waste and requested to be
disposed of in hazardous waste landfills alter the immobi-
lization of heavy metals. However. mosl cities have no
harzardous waste landfill and although a lew cities (e.g.
Shenzhen, Slmnghai, Tianjin) have such, their limited

Forresponding auther, Tel; = 861062704483 Tax: + 8610 62TR2910.
Lmmail addedress: paoxingbaoe mails.tsinghuaedu.cn (X, Gao).

0301-4797 /% - see front mitter © 2007 Elsevier Lid. All rights reserved.
doi L0 TO LT jenviman, Z007.02.008

landfill capacity is not enough to contain the MSWI fly
ash. In addition. MSWT fly ash is almost oul of control.
Hence, linding an alternative way for the disposal of
MSWI fly ash has been an essential issue m these cities.
The reuse of industrial waste in  basic municipal
constructions has been a common practice for a very long
time now. For instance. coal fly ash is reused successfully in
cement. concrete, and roadbed. It has been shown that
without pollutants and chlorine, MSWI [y ash is miner-
alogically similar to coal fly ash. and hence has pozzolanic
properties (Huang and Chu, 2003). MSWI fly ash can also
be added into cement mortars or concrele as substitute or
inert aggregate (Collivignarelli and Sorlini. 2002). Rémond
et al. (2002) had incorporated [y ash into the hydration
model. The results showed that the MSWI fly ash
essentially alfects the hydration of the aluminate phuges
of the cement by particularly forming Fricdel’s salt, The
reactions  between  chlorides and
particular to a high sulfate concentration in the interstitial
solution of cement pastes, which slows down the transfor-
mation of ettringite into monosulfoalummate. Chlorine
concentrations rom 3% to 20% in MSWI fly ash cxceed

aluminates lead 1n
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the maximum allowable concentration in most cement
mixtures. In the meantime, Mangialardi (2004) found a
four-stage washing process to be able to convert the raw
MSWI fly ash into a material with improved chemical
characleristics [or s incorporalion imto cementitious
malrices. As a result. the cementitious mixtures incorpor-
ating washed fly ash in place of raw fly ash were found to
cxhibit better performance characteristics in terms of
selting. dimensional stability, compressive strength, and
environmental quality, Specifically, it has been demon-
strated MSWI fly ash that was subjected to a washing
process to reduce its chloride content has about the same
property on the concrete 28-day compressive strength as
common coal fly ash when the 30% of the cement was
replaced by ashes (Bertolini et al.. 2004). Moreover, the
physical properties of fresh and hardened concrele are not
deteriorated (Aubert et al.. 2004). Aubert et al. (2006)
developed a conventional process based on the washing,
phosphation and caleinations of MSWI [y ash to make the
utilization of MSWT fly ash in blended cement safe and
leasible. and furthermore. 4 modified process intended to
elimmate metallic aluminum and sulfate to improve the
quality of the ash.

Another essential issue regarding the reuse of MSWI fly
ash is the environmental impact of the pollutants. The
removal of organochlorine compounds is generally done by
the melting process (Abe et al., 1996) or a low-temperature
dechlorination process (Ishida et al.. 1998: Wang et al..
2006). The leaching behavior of heavy metals [rom fly ash
is mainly pH dependent due to the solubility product of
hydroxide, so the heavy metal leachability would increase
in the long-term as pH decreases in the condition of acid
rain or organic acid solution. The most common stabiliza-
tion/solidification (S/S) processes are based on the use of
hydraulic binders or chemicul agents. The use of cement [or
hazardous waste /8 disposal has an extensive documented
history and well-established technology (Glasser. 1997),
but the increase volume of products leads to a high landfll
cost. Cement §/S has encountered some difficulties in
MSWI fly ash. like the enhancement of leachability of
amphoteric heavy metals (Pb and Zn), for instance.
Mizutani et al. (2000) compared different chemical agents
(a chelating agent. phosphate and [lerrite) used for the
treatment of MSWI fly ash. The authors concluded that the
chelating-treated material showed a high reducing capacity
and strong retention for metals over a wide pH range. while
the phosphate-treated material showed a significant de-
crease in availability (especially for Pb), and the ferrite
treated material showed an increased physical retention.
Morcover, Jiang et al. (2004) investigated heavy metal
stabilization in MSWI fly ash by heavy metal chelating
agents. The results indicated that the heavy metals in fly
ash can be stabilized more effectively by using a kind of
dithiocarbamic chelate than by using chemical agents such
as sodium sulfide and lime by the formation of coordinated
complex. Also. the coordinated complex is stable and then
the heavy metal leachability is not pH dependent.

Therefore. the aim of this study is to achieve a sa
utilization of MSWI fly ash. Fly ash was subjected to
washing process to reduce its chlorine content heto
use. while chelate was added to reduce heavy met
leachability. We focused on compressive strength proper
and heavy metal leachability from mortars to evaluate tf
physical properties and environmental impacts of (h
utilization.

2. Materials -

MSWI fly ash used in this study was [rom the Hangzhe
MSW Incineration Plant. The plant uses reciprocatir
stoker incinerators and semi-dry lime adsorption and be
filters as air pollution control system. The ash samples we
stored in dry and sealed containers (avoiding hydratic
and carbonation). Table 1 shows the heavy metal conter
of MSWI fly ash. Notably. Pb and Zn were the mo
abundant species. The total amount of heavy metals wi
about 2.65% of the dry weight of MSWI fly asl
Meanwhile, Table 2 shows the results of the toxicil
characteristic leaching procedure (TCLP. a standar
method to determine waste leaching toxicity by US EPA
of MSWI fly ash. The concentration of Cd and Zn inflecte
the potential toxicity and inapplicability of considerin
MSWI fly ash as normal wasle.

The cement used as received was ordinary Portlan
cement 32.5R, and the sand was the China standar
sand produced by Xiamen 1SO Standard Sand Co.. Ll
The water used for making and curing cement mortars wi
tap water. and for the leaching lest was de-ionized watc
(pH = 7.67). The chemical agent used to stabilize heav
metals was a kind ol dithiocarbamic chelate. The chelat
was synthesized experimentally through the reaction b
different types ol polyamine or polyethyleneimin
and carbon disulfide in alkaline conditions (Jiang et al
2004), The schemaltic structure of the chelate and the heav

Tahle |

The heavy metal content in MSWI Ay ash (g/ke)

Sampling date d Cr Cu Ni Ph Zn Tot
4/16/2005 0.29 024 074 008 333 1761 242
42712005 035 028 030 008 567 1930 260
5/10/2005 .41 .24 37 .10 544 22,72 292
Average values 0,35 025 030 009 548 1988 263
Table 2

TCLP test results of MSWI fly ash (mg/L)

Sampling date d Cr Cu Ni b Zn
4/16/2005 112 0,05 (1KY 036 .42 423
4272005 3.05 0.27 .02 0.23 (h.56 438
5/10/2008 335 0.42 0:21 0.14 43 30.9
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Fig. 1. Schematic steucture of (a) the chelale (7 = 2 30) and (h) the heavy
metitl coordinated comples (Cu s an example).

metal coordinated complex (Cu as an example) is shown
in Fig. 1.

3. Experimental
3.1 Experimental procedures

For the reduction of chlorine in MSWI fly ash.
water-washing process was introduced as a pretreatment

method. The washing process can also reduce free CaO
through hydration that has negative cffect in pozzo-

lanic reaction. In this study, we adopted an L/S ratio of

5 and a washing time of 0.5h. After washing. the ash
was dricd by [rame filter press to reduce the water content
to about 20%. The pH of wastewater was adjusted to
6.0-10.5 (may need to add acid) to avoid heavy metal
leaching,

The washed ash was then added into cement maortars
partially replacing the cement at the rato of 10%., 20%.
and 30%. The cement mortars were made and tested
according to the “Test method for the strength of hydraulic
cement mortars (Chinese standard method. GB/T17671-

1999} In addition. to avoid the long-term leachability of

heayy mctals as pH drops (Poon und Chen. 1999),
dithiocarbamic chelate was added into the mortars by the
production of chelate complex. The recipe of the cement
morlars is listed in Table 3.

The cement/sand ratio was 3. while liquid/cement ratio
was 0.5. The cement, washed ash. sand and waler were
stirred and then were added to the matrix models. After
which, they were librated on a plain bumper 120 times
lollowing GB/T17671-1999. The size of the models was
A0mm ¥ 40mm ¥ 160 mm. The mortars were cured at
2042 Cin 100% humidity Tor 24 I, and then the models
were removed. and the moriars were placed 1 water.
Before compressive sirength  tests. the mortars  were
tuken out of the water and were lested mmmediately.
Wa could get six values from three tesied mortars to
obtain the average compressive strength (excluding the
highest and the lowest). The test interyals were 3.7, 14, 28,
and 180 days,

Tahle 3

The recipe of the cement mortars (g}

Cement Sand Washed ash Wiler Chelite
IR 450 1350 Bl
F1 45 1350 45 235
Ez 360 1350 ui AT,
F3 31s 1350 135 225
W2l 6l 1330 ai 2935 (LS
a2 J60 1350 90 225 0,50%"

“Chelate weiaht/washed wsh weight.

3.2 Analvitival methods

3.2.1. Charactrerization of the ash samples

Major chemical composition analysis was carried out
with X-ray fluorescence spectroscopy (XRF. Shimadzu
Lab Center XRF-1700. Japan), whilc the concentrations ol
the trace metals were determined by o modified digesting
ASTM method (Wan et al.. 2006). Mineralogical investigu-
tion was carried out by Xeray powder diffraction (XRD.
Rigaku D/max-rB. Japan). The setting conditions lor the
XRD were as [ollows: Cu Ku radiation. 40 keV accelerat-
ing voltage. S0 mA current. 153 50" 26 scanning range. 0.02°
step and 6 ‘min scan speed.

2730

3.2.2. The leaching test

The toxicity of MSWI fly ash samples and crushed
hardened mortars was determined by TCLP. For TCLP.
the acetic solution of pH 288 wuas chosen for all the
samples. The concentrations of heavy metals in lcachate
were determined by inductively coupled plasma-atomic
emission spectrometry (ICP-AES. IRIS Intrepid 11. USA).

The monolithic leaching behavior ol cement meortars
with MSWI fly ash is important to test its feasibility,
Therefore. monolithic leaching tests were conducted Lo
assess the feaching behavier of heavy from
monolithic mortars (Kosson et al.. 2002). After cured al
202 C in 100% humidity for 24h in models. the
monolithic mortars were immersed immediately in de-
ionized water. and the container was sealed during the
leaching process. The liquid/surface ratio was 10 g/m’ and
the renewal mtervals were at 2h. 8h. 1. 2.4, 8, 15, 30. 60
and 180 days. The tests conducted were pH electrode lor
the pH of the leachate, ion chromatograph for chlorine
concentration. and inductively coupled plasma  muss
spectrometry (ICP-MS. Perkin-Elmer Elan6000, USA) lor
metal concentration.

metals

4. Results
4.1, The washing process

4.1.1. Change in major chemical composition and
mineralogical speciey during washing

Table 4 shows the major chemical composition of MSWI
(lv ash and washed ash. MSWI fly ash showed a high
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Compound  ALO;  Si0:  CuO  Fe0;  NaO K0 Mgo (I F PaOs SO Sn0Ox  1i0:  ZnO  Other
Original ash 697 1981 2363 4.00 6.68 623 A7 16 183 254 74 102 121 279 (sl
Washed ash 0.82 1846 2678 533 1.56 2.09 3 3‘7 1.2% L7 3159 063 1:28 [0 3.65 0,79
quantity of CaO. Cl and SO+, which would have a negative a
elfect on the mechanical strength of the cement mortars, 000 — B
The washed ash had less chlorine, but the CaQ and SO; . 1-KC
were still very high, According to the chemical composition 300 f = 2-Nal
and physical requirements specified in ASTM Col8. the 70!!: [ 3 3-5i0,
washed ash was similar 1o Class C coal fly ash. The 3 4-CalC0,
Portland cement mixtures are rich in washed ash (the total Zz 00+ 3C80,
of $i0y. ALLO; and FeO; was about 43.61%). Therefore, £ _ ] .
the washed ash added into the cement mortars to replace i’i e | 6
cement partially may have little effect on mechanical Z 400+ ‘ 3
strength. = 1 A )
Fig. 2 shows the XRD analysis of original fly ash and B 3””__ . I
washed ash. The NaCl. KCl and CaClIOH disappeared as W04 ¢ ' J | | 6
soluble salts. while Ca(OH ), appeared for the hvdration of 1 | ] | | ‘ ll" [ 3 “ ll |
free CaO in washed ash. CaCO; increased for the U r -J L |I I ||| . h l\ | I y
carbonation during the washing process. The formution n | .‘"’J 'l!m Y] “L' Y l | u| ‘[i' ul qu, "“M“"'. ulli,/ Y ""'.L'rlmu
of new mineral species such as gehlenite (Ca,AlLSiO;) and s 36 25 _,,U 3 4 45 50
plagioclase (CaAl-SiO@dH-0), which are common in s
cemenlt. indicates that washed ash is more suitable for
reuse in cement. b
1200
[-8i0,
4.1.2. Characterization of wastewater ' Z-Ca{ft)g
The pH value of the wastewater was 8.8+ 0.3, and the 10060 4 RE G0N
concentrations of the heavy metals in wastewater are listed 4-Ca(GH)y
in Table 5. These concentrations of heavy metals were Z 800 ;;‘j\*}l%?g): Y
below level 11 of the “Integrated Wastewater Discharge 2 R A
Standard of China (GBSY78-1996)." so the wastewater E o 3
could be treated in municipal wastewater trealment plant. Z |
The transfer ratios ol soluble salts [rom (ly ash to water z - ; :
during the washing process are listed m Table 6. Most ) ;
chloride and some sulfate move to the wastewater. The Na. 1 @ L i
K. and Ca were almost in wastewater. and these could be 9 | ﬁ : | ‘l ‘ 6 r N W
used to recvele sodium chloride and potassium chloride by L ,J |I L b' JM i 1-|1l., _J' " .Il “J! | I
chemical methods. 0 ' : FANTISWEAN LI
15 zu 25 _m 35 40 45 50
20407)
4.2. Compressive strength
Fig. 2. XRD analysis ol (2) original fly ash and (b) washed Ay ash-
Fig. 3 shows the unconfined compressive strength of the
cement mortars at 3. 7, |4, 28 and [80 days. The 30%
replacement ol cement hy washed ash in mortars showed
deterioration in strength evolution (compressive strength of Table 3

about 60% of the relerence mortars at 28 and 180 curing
dayvs). while the 10% and 20% replacement showed much
better strength properties. However, the 28-day compres-
sive strength of 30% replacement was 23.4 MPa, which
» be used in some particular conditions, From

Be resulis. we set the limit of MSWI iy ash 1r.plm,umm
of cement 2t 2% ¢ the property of the mortars

The concentration of heavy metals m the washed water

Cd Cr Cu Ni I’h £n
Values (mg/L) (03 .14 .55 .04 ((RIR] 2.5
Limitation™ 01 1.5 10 1.0 1.0 S0

TLevel 1T of “Integruted Wastewiter Discharge Standard of Chin
(CIBROTR- 199617
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Tahle 6

The transfer ratio ol soluble salts from fly ash to water during the washing process (L/S = 3.0, 7'=0.5h}

HCO? s()i- l Ca Nu K Loss 10 mass
Values (%) n.22 3.24 9.44 3.52 4.03 3,90 30,57
Reeovery rate :‘.’-'{.}I' NAS 1028 101.7 99.7 97.0 OR.8

“The ratio is based on flv ash weight.
"Caleulated value supposing that Si daes nol move 1o waler,
“Not available.
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Fig. 3. The unconfined compressive strength as a function ol curing time
of reference mortars (FO) and mortars with washed MSWI ashes (F1. F2,
and F3).

In fact. although the mechanical characteristics were
worsened by MSWI fly ash addition. the 180-day
compressive strength of mortars with 20% replacement
of 424 MPa (about 71% of the reference mortadrs) was
enough for use in basic municipal constructions.

In this study. the mortars with chelate were also tested to
determine the influence of chelate on the strength evolution
at 28 and 180 days. The results showed that chelate had
little influence on the strength evolution (the compressive

strength of mortars with chelate was about 95.4-98.7% of

the reference).
4.3, Leaching test results

4.3.1. TCLP tests for the erushed samples

TCLP tests were carried out for the crushed hardened
mortars at 7 and 180 days. Table 7 shows the TCLP tests
resulis For the erushed hardened mortars. The concentra-
tion of heavy metals in leachate of F2Z (without chelate)
was much higher than that of the reference mortars F()
(without MSWI fly ash). but in F21 and F22. the
concentration of the heavy metals fell due to the addition
ol chelate. Generally, the concentration was lower in F22
than F21 and with the curing time growth, the leachability
droppcd,

Fable 7
TCLP tests results of the crushed hardencd mortars (mg/L)

Curing days  Morars Cd Cr Cu Ni Ph Zn

7 days 10 ND. 009 L4 003 006 287
12 ND. 003 468 029 019 1839
21 ND. 009 124 000 (e A8
E22 N.D. N.D. 088 012 0,08 4.98
180 days 0 N.DL Ol 100 NP ND. 037
F2 N.D. N.D. 257 043 000 736
F21 N.D, 007 007 006 006 119
F22 N.D. MDD 007 ND. ND. (065
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Fig. 4. The change of pH ol the leachales in monolithic lcaching tests,

4.3.2. Monolithic leaching tests

The change of pH of the leachates is shown in Fig. 4. Al
the beginning. the pH was about 11 for a long time duc to
the release of lime from fly ash and cement. After the 10th
leachate renewal, the pH fell quickly to 8.5. In the pll
range. many heavy metals could not be released because
the solubility product constant of heavy metal hydrate was
very small. Hence. the cement mortars have the ability to
immobilize the heavy metals.

The accumulative release of Cl. Ca. Na, and K in the
leachates is shown in Fig. 5. Chlorine is one of the stecl
corrosion substances (Kayali and Zhu. 2003). The aecu-
mulative release ol chlorine from mortars with washed



294

MSWI fly ash (F2. F21., and F22) was much higher than
that FO. This was caused by the residual chlorine content of
about 1.28% in the washed ash. In this case. the chlorine
enhanced the steel corrosion speed. To avoid this situation,
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a multistep washing process which can  decrcase  th
chlorine content to (L1% (UK standard BS EN450 fo
coal fly ash use in concrete) shall be adopted in {urthe
study and practice (Mangialardi. 2004). The accumulative
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release of Ca from F2, F21 and F22 was less than the blank
maortar (F0O) because the soluble Ca in MSWI fly ash was
washed out during the washing process. Ca release caused
the pH value of FO to be higher than other mortars in the
monolithic Icaching tests. The accumulative release of Na
and K is similar in all the tested mortars.

The accumulative release of heavy metals from the
mortars versus leachate renewal Intervals is shown in
Fig. 6. It can be seen that the accumulative heavy metal
release from F2 was much higher than the reference F0, but
the mortars with 0.25% or 0.5% chelate appeared like the
reference FO. The leaching behavior of heavy metals from
F2 showed that cement could immobilize the heavy metals
in the short-term, but in the long-term, the leachability still
increased. The [80-day leaching behavior showed that
chelate could stabilize the heavy metals in cement mortars
in the short- and long-term.

5. Conclusions

MSWI fly ash with a high content of chlorine was found
to be unsuitable for utilization in cement mortars. After
washing process. the chlorine content reduced to 1.28%,
while the washed ash was similar to Class C coal fly ash in
chemical composition and could be added into cement
mortars as substitute. During the washing process. little
heavy metals leached to the water with a pH value of
8.8 -+0.3 while the soluble salts (chloride and sulfate of Na,
K and Ca) mainly move with the water. The formation ol
new mineral species showed good properties ol washed ash.

Ten percent and 20% replacements showed acceptable
strength properties and therefore 20% was set as the
replacement limit. The long-term compressive strength
(180-day) indicated that this method is feasible in basic
municipal constructions.

In TCLP and [80-day monolithic leaching tests, the
mortars with washed ash presented a little stronger heavy
metal leachability. but the leachability fell to the blank level
with the addition of chelate. In monolithic leaching tests,
the chlorine leachability increased in long-term, thus
causing steel corrosion. The strict limit for chlorine content
in washed ash at 0.1% was noted, and the washing process
needed to be improved.

As shown in this study, the partial replacement of
cement by washed MSWI ash in cement mortars with the
addition of chelate could be a promising environment-
friendly technology in MSWI fly ash management.
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Abstract

The photocatalytic degradation of a dye derivative. C.L disperse blue 1 (1) has been imvestigated under UV hight irradiation in the
presence ol TiOs and H2Os under o variety of conditions. The degradation was studied by monitoring the change in substrak
concentration employing UV spectroscopic technique as o function of irradiation time. The dearadation was studied under ditteren
conditions such as different types of TiO- reaction pll catalyst and substrate concentration containing hydrogen peroxide (HaOs)
besides molecular oxygen in the presence o TiOs The degradation of dye was also mvestigated under sunlight and the efficiency o)
degradation was compared with that of the artificial hht souree. The degradation ratey were lound o be strongly influenced by all the
above parameters. The photoeatalyst Degussa P25 was found to be more elficient for the degradation ol the dve.

¢ 2007 Elsevier Lid. All rights reserved.

Keviords: Photocatalvsis: Textile dye; Disperse hlue T Tinim dioxides Semicondustor

1. Introduction

Treatment of colored wastewalters from textile or dye

industry is a serious problent that attracts the attention ol

many researches during last decades. A substantiul amount
ol dyestuff is lost during the dveing process in the textle
industry. which poses a major problem lor the industry as
well as a threat to the environment (Zollinger, [987).
Decalorzation of dye effluents has therelore acquired
mereasing attention, During the past two decades. photo-
catalytie process involving semiconductor particles under
L'V light llumination has been shown lo be polentially
advantageous and useful i the treatment of wastewater
pollutants. Earlier studies (Blake, 2001) have shown that a
wide range of organic substrutes can be completely
photomineralized in the presence of TiOs> and oxygen.
The mechamsm constituting heterogeneous photocatalytic
oxidation processes has been discussed extensively in the

*Corresponding author. Tel: =91 571 2703515 Jux: +491 57| 2712758,
Femail addvesses: saguibaanmi 20020 gmailcony (M- Saguib).
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literature (Turchr and Ollis, 1990); Mathews and McEvoy
1992). Brielly, when a semiconductor such as TiOs absorbs
a photon of energy equal to or greater than its band gay
width. an electron may be promoted trom the valence banc
to the conduction bund (egp) leaving behind an electror
vacancy or “hole™ in the valence band (hy,). If chuarge
separation is maintained. the electron and hole may
migrate to the catalyst surface where they participate in
redox reactions with sorbed species. Specially, hy, may
react with surface-bound H-0 or OH 10 produce the
hydroxyl radical and ez, s picked up by oxyvgen (o generate
superoxide radicul union (O3 7)), as ndieated in o the
following equations:

TiOs ~hp — & o, +h', i
O, ey — O, (2;
H-O+hTyy— OH + H-. (3

It has been suggested that the hydroxyl radicals (QT1
and superoxide radical anions (O: ) are the primary
oxidizing species in the photocatalvtic oxidation processes.
These oxidative reactions would result in the bleaching of
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the dyve. Alternatively. direct absorption of light by the dye
can lead to charge injection from the excited state ol the
dve to the conduction band of the semiconductor as
summarized in the lfollowing equations:

{)_\'“t',-,‘L.‘ - hv — 1).\'Ie:u|1h~ (<4}

1)

Dye,q + Ti0; — Dyea™ + Ti0: (e7). (2)

[t has been shown carlier that the heterogencous
photocatalytic oxidation processes can be used for remov-
ing the pollutants using UV/TiO>'H-0- and Solar TiO
11,0, systems (Bozzi et al.. 2004: Sreedhar Reddy and
Kotaiah, 2003).

The dyve derivative, disperse blue 1 (1). has been
extensively used in textile industry, leather dyeing. paper
printing, photography and as a biological stain. There has
not been any report on the photocatalytic degradation of
the dye derivative 1. Thercfore we have undertaken a
detailed study on the photodegradation of 1 sensitized by
TiO» containing H-O, in aqueous solution under a variety
of conditions. with an aim to determine the optimal
degradation condition, which is essential for any applica-
tion process.

disperse biue 1

2. Experimental methods
2.1, Reagent and chemicals

Digperse blue | (1) was obtained from ACROS
ORGANICS, USA. and used as such without any further
purification. The water employed m all the studies was
double distilled. The photocatalyst P25 (Degussa AG) was
used for the degradation of dye derivative in most ol the
experiment. The photocatalyst Hombikat UV 100 and
PCS00 (Millenium inorganic chemicals) was used for
comparative studies. Degussa P25 consists of 75% anatase
and 25% rutile with a specilic BET-surface area of
S0m- ¢! and primary particle size of 20 nm (Bickley et
al., 1992). Hombikat UV 100 consist of 100% anatase with
o specific BET-surfuce area =230 m e ' and primary
particle size of 3nm  (Lindner et al.. 1997). The
photocatalyst  PC500  has a  BET-surfuce area of
IXTm e " with 100% anatase and primary particle size
of 5-10nm (Rauer, 1998). The other chemicals used in
thi¢ study such ag NaOH. HNO; and H-O- were obtained
from Merck.

2.2, Procedure

Stock solutions ol the dye of desired concent-
ration (0.25-1.0mM) were prepared in double distilled
waler. An immersion well photochemical reactor made of
Pyrex glass equipped with a magnetic stirring bar, water
circulating jacket and an opening for supply of air bubbling
was used. A schematic diagram of the reactor is shown
below,

=

COOLING WATER

L' - LAkl

e [P LRGN UNIT

e REACTHON YES SEL

=

MAGNETH. STIRRER

Forirradiation experiment, 250 (mL) solution of the dye
of desired concentration was taken into the photoreactor
and required amount of photocatalyst was added and the
solution was stirred and bubbled with air for at least 15 min
in the dark to allow equilibration of the system so that the
loss of compound due to adsorption can be taken into
account. The pH ol the reaction mixture was adjusted by
adding a dilute aqueous solution of HNO; or NaOH. The
zero time reading was obtained from blank solution kept in
the dark but otherwise treated similarly to the wradiated
solution. The suspensions were continuously purged with
air bubbling throughout ecach experiment. Irradiations
were carried oul using a 125W medium pressure mercury
lamp (Philips. radiant flux: 1250 nWw N A > 254 1m1).
Samples (6mL) were collected before and at regular time
intervals during the irradiation. They were centrifuged
before analysis.

The sunlight experiments were carried out in order to
compare the degradation efficieney of the compound under
investigation with that ol artificial light. Reactions were
carricd out in the same photochemical reaction vessel
where irradiation was carried out with the artificial light
source. Agqueous solution (230 mL) of desired concentra-
tion of the model compound containing required amount
of photocatalyst was taken and stirred for 10min in the
dark and the solution was then placed on flut pladorm
under sunlight (radiant flux: 450 pW em ™) with continuous
stirring and purging of air. Samples (6 mL) were collected
before and at regular time intervals during the illumination
and analyzed alter centrifugation.
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2.3 Andilvsiy

The photocatalytic degradation of the dye derivative was
monitored using UV spectroscopic analysis technique
(Shimadzu UV-Vis 1601), The double beam spectro-
photometer has an in-buill tungsten and deuterium lanips,
which provide the measurement of optical density (OD) in
the range 200-1100 nm (near UV and visible regions), The
samples were analvzed using quartz cuvetle. das it has zero
absorplion in the above wavelength regions. The degrada-
tion was monitored by measuring the absorbance on a
Shimadzu UV-Vis Spectrophotometer (Model 1601), The
absorbance of dyve (1. 0.25mM) was lollowed at 7.,
SO8 nm.

The concentrations ol dve derivatives were caleulated by
standard calibration curve obtained (rom the absorbance
ol the dye dermvauve at different concentrations. The
change in absorbance of the dye derivative 1 was followed
at their 2,6 as a function of irradiation time.

3. Results and discussion
31 Phatocatalysis of aqueons suspensions of dve devivative
(11 m the presence of 1104

Irrachation of an aqueous suspension ol the dye
derivatives | in the presence ol TiO- containing H-0s with
a Pyrex filtered output of a 125W medium pressure
mercury lamp with constant bubbling of air leads 1o
decrease il absorption intensity as a function of irradiation
time. This absorption intensity is used to calculate the
concentration using the standard calibration. The change
in absorption spectra [or the photocatalyvtic degradation of
Lhe dve (absorbance vs wavelength) is shown in Fig. |,
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Fig. 20 Comparison of change in concentration as o function of tme
wradhation ol un agueous suspension of disperse blue 1 (1) 10 the presenc
and sthsence of TIO containing hydromen peroxide under TV light soure
Cxperimentd] conditions: dyve cones (1.25mM ). phatocatalyst, Deguss
P25, bebl ' H-O- (01 mlb | =250mL. immersion wall photoreacto
125W medium pressure mercury  lump. continuous air purging an
stirmmg. irradwtion time = 60 min,

Fig. 2 shows the change in concentration as a function ¢
time on irradiation of an agqueous suspension ol dy
derivative I containing TiOs in the presence and absenee ¢
H-O, It could be seen from the fgure that 720
degradation of the compound takes place in the presenc
ol H-0s and 53% 1 the absence of hydrogen peroxide
whereas in the absence of H-()s the degradation rale wa
found slower hence all the experiments were carried out i
the presence of hydrogen peroxide.

The curve for the chanee in substrate concentration us
function of irradintion time for the degradation of the dy
derivative 1 can be fitted reasonably well by exponentis
decay curve suggesting the first order kinetics, For cacl
experiment. the degradation rale constant of the dy
dervative was caleulated from the plot of the natura
logarithm of the concentration ol the dye derivative as |
[unction of irradiation time, The degradation rate for th
decomposition of the dyve derivative was caleculited using
formula given below:

—dICl/dr = ke. (6

where C 18 the eoncentration of the pollutant and k is th
rate constant,

The degradation rate for the decomposition of the dy,
derivative for the first order reaction was calculated i
terms of min =",

Control experiments were carried out by irradiating
aqueous solution ol the dyc in the absence of photo
catalyst, where no observable loss ol the dye derivative wa
observed. The zero irradiation time reading was obtaing
from blank solutions kept in the dark. but otherwis
treated similarly to the irradiated solutions.
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3.2, Comparison of different photocatalysis

Titanium dioxide is known to be the semiconductor with
the highest photocatalytic activily, non-toxic. relatively
inexpensive and stable in agueous solution. Several reviews
have been written, regarding the mechanistic and kinetic
details as well as the influence of experimental parameters.
It has been demonstrated that degradation by photocata-
lysis can be more efficient than by other wet-oxidation
technique (Weichgrebe and Vogelpohl, 1993). The aim of
present study was to determine the best photocatalyst
among commercially available different TiO, material and
find further means to accelerate the efficiency of the
photocatalytic process.

Therefore, we have tested the photocatalytic activity of
three different commercially available TiO> powders
(namely Degussa P25, Hombikat UV100 and Millennium
Inorganic PC500) on the degradation kinetic ol the
pollutant under investigation. The degradation rate ob-
tained lor the decomposition (decrease in absorption
intensity) of 1 in the presence ol different types of TiO,
powders is shown in Fig. 3. It has been observed that the
degradation of the pollutant proceeds much more rapidly
in the presence of Degussa P25 as compared with other
TiO, samples under UV light source.

The differences in the photocatalytic activity are likely to
be due Lo differences in the BET-surface, impurities, lattice
mismatches or density of hydroxyl groups on the catalyst’s
surface. since they will affect the adsorption behavior of a
pollutant or intermediate molecule and the lifetime and
recombination rate of electron—hole pairs. Earlier studies
have also shown that Degussa P25 was [ound to show
betier activity for the photocatalytic degradation of a large
number of organic compounds (Muneer et al., 1999, 2001).
Also Lindner et al. (1995) showed that Hombikat UVI100
was almost four times more effective than P25 when
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Fig. 3. Comparison of degradation rate for the decomposition of disperse
blue 1 (1) in the presence of different types of photocatalyst in the presence
and absenee ol hydrogen peroxide. Experimental conditions: dye cone.:
0.25mM, H204 (00 mL). V= 250 mL. photocatalyst: TiQ, (Degussa P25,
Hombikat LUV 100 and PC 500 (1 g LNy, irradiation time = 60 min,

dichloroacetic acid was used as the model pollutant.
Another explanation for the greater photoeffectivencss of
mixed phase titania photocatalyst (here Degussa 25) could
be due to three lactors: (1) the smaller band gap ol rutile
extends the useful range of photoactivity into the visible
region: (2) the stabilization of charge separation by
electron transfer from rutile to anatase slows the recombi-
nation; (3) the small size of the rutile crystallites facilitates
the electron transfer (Hurum er al., 2003).

3.3. Effect of pH

An important parameter in the photocatalytic reactions
taking place on the particulate surfaces is the pH of the
solution. since it dictates the surface charge properties of
the photocatalyst and size of aggregates it forms. Employ-
ing Degussa P25 as photocatalyst for the decomposition of
model compound in aqueous suspensions of TiO, was
studied in the pH range between 3 and 1. Fig. 4 shows the
degradation rate for the decomposition of the dye as a
function of reaction pH.

The interpretation of pH effect on the photocatalytic
process is very difficult because of its multiple roles such as
electrostatic interactions between the semiconductor sur-
face, solvent molecules. substrate and charged radicals
formed during the reaction process. The ionization state of
the surface of the photocatalyst can be protonated and
deprotonated under acidic and alkaline conditions. respec-
tively, as shown in the following equations:

TiOH + H™ — TiOH, ", (7)

TiOH +OH™ — TiO™ + H>0. (¥)

The point of zero charge (pzc) of the TiO; (Degussa P25)
is widely reported at pH ~6.25 (Augustynski. 1988). Thus.
the TiOs surface will remain positively charged in acidic
medium (pH <6.25) and negatively charged in alkaline

0.025 - : . T

2 . I »— Digperse blue1|
T 002+ -
-
E o015 + c
e
.
5§ 001 -
®
=] .
£ 0005 - B .
o
a

0 1 1 1 | -

2 4 8 8 10 12
pH

Fig. 4. Influence of pH on the degradation rate for the decomposition of
disperse blue 1 (1) m the presence of TiO> containing hydrogen peroxide.
Experimental conditions: dve conc. 0.25 mM. H.05 (0.1 mL). 7= 250ml..
photocatalyst TiO; (Degussa P25, 1g L"), reaction pH (3, 6.2, 9 and 11),
irradiation time = 60 nun.
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medium (pH>6.23), The degradation rate for the dye
derivative 1 was found to decrease with increase in pH
from 3 to || and highest efficiency was obtained at pH 3. In
this study it has been shown that the degradation rate
for the decomposition of the dye derivatives under
imvestigation is highly influenced by the reaction pH.
This may be due to the fact that the structural orientation
under this condition is favored for the attack of reactive
species.

The adsorption of the dye derivative 1 on the surface of
photocatalyst was investigated by strring the aqueous
solution of the dye in the dark lor 24h at different pH
values. Analysis of the samples alter centrifugation
indicates no observable loss of compound.

3.4. Effect of substrate concentration

It is important both from mechanistic and from
application point of view to study the dependence of initial
substrale concentration on the degradation kinetics of the
pollutant. Effect of substrate concentration on the degra-
dation of the dye derivative 1 was studied at different
concentrations varying from 0.125 to 1 mM. The degrada-
tion rate for the decomposition of dye derivative 1 as a
function of substrate concentration is shown in Fig. 5,

It is interesting to note that the degradation rate for the
decomposition of dye derivative 1 decreases with the
increase in substrate concentration [rom 0.125 to 0.5 mM.
A further increase in substrate concentration leads to
increase in the degradation rate.

The decrease in degradation rate with increase in
substrate concentration may be due to the fact that as
the inttial concentrations of the dye increases. the color of
the irradiating mixture becomes more and more intense
which prevents (he penetration of light to the surface
of the catalyst. Hence, the generation of relative amount
of OH and Os on the surface of the catalyst do not

0.0075 — : | : ,
o \ :
2 o007 - —a— disperse bJue‘]I
£ 00065 - i |
-E' \
$ 0006 |
# :
L] -
2 0.0055 - |
o
T _
{ e
gs 0.005 | = 1
a
0.0045 ! 1 | | |
0 02 04 06 DB 9 1.2

Substrate concentration (mM)

Fig, 5. lnfluence of subsirale toncentration on the degradation rate for
the decomposttion of disperse blue | (1) in the presence of TiO: contgining
hydrogen peronide. Experimental conditions: substrale concentrations
(025 05, 0.75 and 1mM), H.0s (0.1 mL) = 250mL, photocatalyst:
T30 (Degussa P25 1 gl ') irradiation time = 60 min.

increase as the mtensity of light, irradiation time ar
catalyst concentration are constant. Conversely. (he
concentrations will decrease with increase in concentr
tion of the dye as the light photons are largely absorbe
and prevented (rom reaching the catalyst surface by
dye molecules.
ciency of the dyve decreases as the dye concentrafic
Increases.

Consequently, the degradation efi

3.5, Effect of catalyst concentration

Whether in static. slurry. or dynamic flow reactors. tl
initial reaction rates were found to be directly proportion
to catalyst concentration, indicating a helerogencon
regime. However, in some cases 1t was observed that aboy
@ certain concentration, the reaction rale even decreast
and becomes independent of the catalyst concentratios
This limit depends on the geometry and working cond
tions of the photoreactor and for a definite amount of TiC
in which all the particles, 1.e., the entire surface expose:
are totally illuminated. When the catalyst concentration
very high. after traveling a certain distance on an optici
path. turbidity impedes further penetration ol light in tk
reactor. In any given application. this optimum cataly
concentration [(TiOs)gp] has to be lound, in order i
avoid excess catalyst and ensure total absorption «
efficient photons.

The effect of photocatalyst concentration on th
degradation kinetics of the model compound was studie
employing different concentrations of Degussa P25 varyin
from 0.5 to 4gL~".

The effect of varying concentrations of Degussa P2
on the degradation rate for the decomposition of 1
shown in Fig. 6. It was found that degradation ral
increases with the increase in calalyst concentration up t
3.0gL ", which on further increase leads to decrease i
degradation rate,

] 1ty st
0.018 +
0.016 L
0.014 L _
0.012 | s
0.01 | '

0.008 |-

Degradation rate (min™ * 107)

0.006 & -
0‘004 L L A4 ] i i A i 1 i i it 1 i i [l i | - i 1

Catalyst concentration {(g/L)

Fig. 6. Influence of catulyst concentration on the degradation rate for
decomposition of disperse blue 1 (1) in the presence of TiOQ; containin
hydrogen peroxide. Experimental conditions: dve conc.: 0.2 mM. HAC
(0.1 mL). catalyst concentrations (0.3, 1.0, 1.5, and 21", V= 250ml
photocatalyst: TiO: (Degussa P25, | g L"), irradiation time = 60 min.
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3.6, Effect of hvdrogen peroxide

Hydrogen peroxide has been found to enhance the
degradation of compound due to more efficient generation
of hvdroxyl radical and inhibition of electron/hole (¢ /h )

pair recombination according Lo the following equations:

H,0: 4 0:7 = "OH 4+ OH™ 4+ 03, (9)
H-Os 4+ hy — 2 0OH. (1)
H;0: + ¢CB~ — OH + O™, (1n)

In order 1o determine the optimum degradation condi-
tion, hydrogen peroxide is to be added for the degradation
of model compound under mvestigation. Fig. 7 shows the

degradation rate for decomposition of compound as a

function of different concentrations of H->0. contai-
ning TiOs. The rate was found to increase with increase
in 11,05 concentration from 0.1 to 0.3mL followed by
leveling off.

3.7, Photocatalysis of TiO- suspension containing dve
derivatives under sunlight

For practical applications of wastewalter treatment based
on these processes. the utilization of sunlight is preferred.
Hence the aqueous suspension ol Ti0), containing dye
derivative was exposed to solar radiation. Fig. 8 shows the
comparison of change in concentration as a lunction of
irradiation time on illumination of an agueous suspension
of dye derivative in the absence and presence of H-O,
containing Ti0~ under sunlight. Blank experiments were
carricd out under sunlight in the absence of H,O-» and TiOa
where no observable loss of the dye derivative takes place
as shown in Fig. 8.
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= |

[ J T | | 1 !

0.1 0 0.1 0.2 0.3 0.4 0.5

H,0, Concentration (ml)

Fie 7. Comparison of deeradation rate for the decompositon of disperse
bl |1y in the presence of hydrogen peroxide at different concentrations,
Experimemtal conditions: dve conc (.23 mM)  photocatalyst: TiO-
(Desugsa P31l 'y P=250ml. H-0. (0.1, 0.2, 0.3 und 0.4mlL).

trradiation tme — 60 min,
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|
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|
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Fig. 8. Comparison of change in concentration as a function of time lor
irrudiation of an agueous suspension of disperse blue 1 (1) in the presence
and absence of TiOs contwiming HAO: under sunlight. Es.per;lmcmul
conditions: dyve conc.: (0.25mM) H-O- (0.1 ml) photocatalyst: TiO»
(Degussa P25 lel N F=280ml. immersion well photoreactor,
continuous wir purging and stirring. irradintion time = 60 min,

5. Conclusion

TiO» can efficiently catalyze the degradation of dye
derivatives 1 in the presence ol light. The photocatalyst
Degussa P25 showed betler photocatalytic activity for the
degradation of the model compound under investigation,
The degradation of dye derivative was found to be slower
under sunlight than that of the artificial light source. The
addition of electron acceptors such as hydrogen peroxide
can enhance the decomposition of model system. The
observations of these investigations clearly demonstrate the
importance of choosing the optimum degradation para-
meters to obtain high degradation rate. which 18 esgential
for any practical application of photocatalytic oxidation
processes. The investigations were conducted at the
laboratory scale in order to determine the optimum
degradation condition and further studies are require for
the practical effluent treatment.
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Abstract

Putrajaya Wetlands in Malaysia, a 200 ha constructed wetland system consisting of 24 cells, was created in 1997-1998 to treat surface
runoff caused by development and agricultural activities from an upstream catchment before entering Putrajaya Lake (400 ha). It was
designed [or stormwater treatment, flood control and amenity use. The water quality improvement performance of a section of the
wetland cells is described, The nutrient removal performance was 82.11% for total nitrogen, 70.73% for nitrate-nitrogen and 84.32% for
phosphate, respectively. along six wetland cells from Upper North UN6 to UNI from April to December 2004,

Nutrient removal in pilot scale tank systems, simulating a constructed wetland and planted with examples of common species at
Putrajaya. the Common Reed Phragmites karka and Tube Sedge Lepironia articulata, and the capacity of these species (o retain nutrients
in above and below-ground plant biomass and substrate is reported. The uptake of nutrients by the Common Reed and Tube Sedge from
the pilot tank system was 42.1% TKN: 28.9% P and 17.4% TKN; 26.1% P. respectively.

The nutrient uptake efficiency of the Common Reed was higher in above-ground than in below-ground tissue. The results have
implications for plant species selection in the design of constructed wetlands in Malaysia and for optimizing the performance of these
systems.

i 2007 Elsevier Lid. All rights reserved.

Keywords: Constructed wetland; Nutrient removal: Surface flow; Wetland plant

1. Introduction The system utilizes wetland plants and micro-organisms,

which are the active agents in the treatment processes

Constructed wetlands are man-made systems or engi-
neered wetlands that are designed, built and operated to
emulate functions of natural wetlands. They are created
from a non-wetland ccosystem er a former terrestrial
environment, mainly for the purpose of pollutant removal
ftom wastewater. The constructed wetland treatment
system is a cheaper alternative [or wastewater treatment
nsing loeal resources and 1s an energy-efficient technology.

*Corrcsponding author, Tel.: +60 12 6349218; fax: + 60380617264,
G-ntedl aeldresses: michetlesim.chenghua(e gmail.com (C.H. Sim),
mlamilizenv.upm.edumy (M_K. Yusoff), B.Shutesio mdx.ac.uk
(B. Shutes), scho@mosti.gov.ny (S.C. Ho), mashhor{zusn.my

(v, Mansuor).

(030 1-4797(5-sce [tont matter € 2007 Elsevier Ltd. All rights reserved.
dor 10.1016/f jenvman 2007.03.011

(Kadlec and Knight, 1996). Most ol the constructed
wetland systems are marshes with shallow waler regions
dominated by emergent marsh plants such as cattails.
bulrushes, rushes and reeds. Constructed wetlands offer
many multiple use values such as the creation of habitat,
water quality improvement, flood control. and produetion
of food and fibres (also termed as constructed aquaculture
wetlands).

Constructed wetland systems can potentially tolerate
variable volumes of water and varying contaminant levels,
The sources include municipal and domestic wastewater.
urban surface runoff, agricultural wastewater. industrial
effluents and polluted surface waters in rivers and lakes
(Sekiranda and Kiwanuka. 1998). The wetland systems can
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also be aesthetically pleasing and serve as an attractive
destination for tourists and local urban residents. They can
also serve as a public attraction or sanctuary for visitors
who wish to explore their environmental and educational
possibilities. They appeal Lo different groups varying from
engineers to those involved in wastewater [acilities as well
as environmentalists and people concerned with recreation.
These systems also provide a research and training ground
for young scientists in this new research and education
drend.

1. Water quality in Malaysia

Nutrients are the main agricultural pollutants in
Malaysia. Drainage ditches. irrigation channels, ponds
and other waterways are polluted by agricultural runoff
from fertilizer rich land such as vegetable farms, fruits and
Nower nurseries. golf courses and amimal farms. More than
63% of the rivers in Malaysia are classified as moderately
to highly pelluted. They receive urban runoff polluted with
domestic sewage discharges and livestock excreta, as well
as from agricultural uses and wastewater [rom [aclories.
The river waters have high concentrations ol biological
oxygen demand, nutrients and pathogens, resulting in a
risk to public health for bathing and lishing. particularly in
areds of poor or impoverished human population and
water recreational areas. Constructed wetlands are con-
sidered an attractive alternative to achieving good river
water quality with significant reduction of pathogens as
well as low values of biological oxygen demand and
nutrients (Ceballos et al., 2001). Kadlec and Hey (1994)
have successfully illustrated the potential of constructed
wetlands in controlling non-point source pollution in the
watershed and for river water quality improvement.
A rviparian wetland can be constructed to treat nutrient
pollution in rivers in a reasonably cost effective manner
(White et al.. 1994),

1.2, Putrajava Wetlands

Putrajaya Wetlands (200 ha). comprising 24 wetland
cells, were created in the valley of the Chuau and Bisa
Rivers from agricultural lands of oil palm and rubber
plantations. within a period of 17.5 months in 1997 and
[998. The wetland system and lake were fully inundated in
January 1999. The wetlands were created mainly to restore
the polluted Chuau and Bisa river systems caused by
agricultural activities in the upstream catchment; and also
to play a role in stormwater treatment and flood control.
Putrajaya Wetlands are a vegetated horizontal surlace flow
multi-cell wetland system. designed with different walter
levels in each of the cells that are separated by a weir
(Shutes, 2001). The water flows through these wetland cells
and finally discharges into Putrajaya Lake (Fig. 1). The
wetland helps Lo Lreal non-point source pollutants in order
to achieve the national water quality standard Class [1B (or
recreational use in the lake area.

The wetland cells were excavated (o create differen
water depths of 0.5 3.0m and filled with topsoil fo
wetland planting. The bed slope was gradually inereased
[rom upstream to downstream to achieve a continuous floy
by gravity. Wastewater flows horizontally through th
wetland cells and is visible on the surface. The planiet
marsh area covers 77.7ha or 39.4% of the total wetlang
area: the zone of intermittent imundation for swamp tre
planting covers 23.7ha or 12.0%: and the open wale
covers 76.8ha or 38.9%. The remaining arca comprise
weirs, islands and “maintenance 1tracks which cove
about 10%,

The wetland cells were planted with 27 types of emergen
wetland plants. which play a role in sediment retention anc
in nutrient and toxicant removal. Another 33 specics ©
herbaceous plants were planted in the zone of intermitten
inundation fringing the marsh area as a bhorder for th
wetland system. and these species assist in erosion contro
and bank stabilization. Twenty-two small islands wen
created in open water areas. which are vesetated anc
provide isolated habitats [or birds and other fauna, Thes:
islands also serve to facilitate water filtration. divert wate
Mow Lo avoid stagnation and help in the flow 1o the (Tinge;
of wetland cells (especially the planting areas). The
ornamental ponds were planted with colourful flowe:
species. such as water lilies, to increase their aesthetic
value. These wetland plants were sourced locally and the)
possess high adaptability to conditions of intermitten
inundation.

1.3, Field and pilot experimenial wetland studies

The existing and newly developed constructed wetlane
systems i Malaysia are all designed for stormwater o
surface water treatment. Nuirient lIevels in these walters art
generally low depending on land use activities in the
catchment. The aim of this pilot wetland study was tc
understand the potential capacity of constructed wetland:
for treating water with high nutrient concentrations such a:
septic effluent and agricultural runoff from nurseries a
well as livestock and crop farms. The experimental resulu
are compared with the results of 4 field study in the ful
scale Putrajaya Wetlands,

2. Materials and methods
2.1. Field study

The three wetland cells at Upper North arm (UN4 -6
located at 02 58.02-02°58.33N; 101741.94-101"42.08E
were selected as the project site (Fig. 1) Water quality
was monitored in these three wetland cells for two separalc
periods. from October 2001 to December 2002 at
bimonthly intervals and {rom April to December 2004 al
monthly intervals. The [inal cell of the UN arm (UNI1A;
was also monitored with four lateral inlet points S5-89 ai
monthly intervals from April to December 2004 (Fig. 1),
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Fig. | Locution of wetland cells at Putrajaya Wetlands (Ariffin, 1998

Waler samples were collected from outlet points (on the
weir, S1S4) of wetland cells UN4-6 (Fig. 1). The inlet of
the wetland cell downstream resembles the outlet of the
upstream cell. The water qualily parameters measured in
situ were dissolved oxygen, pH. temperature. conductivity,
furbidity, water transparency and water depth. Water
samples were collected and brought back Lo the laboratory
at University Putra Malaysia for analysis. Water samples
were analysed for total suspended solids. total dissolved
solids and nutrient content using the IHACH method
(19%9). Plant samples were collected from the field for
nutrient content analysis.

A broad crested weir was installed at the outlet of each
Putrajava Wetland cell. The flow rate was undetectable by
a flow meter, thus for caleulating the flow, the basic weir
equation {Wiese et al.. 1998) was used: O = CWLHl < where
¢ is the flow (m*s "), L the length of weir (m). 71 the depth
of flow over the weir (m) and C,; the constant factor (1.84
for a broad crested weir).

The water flow was controlled by the inlet chamber and
the outlet conduit. The weir crest level was made adjustable
using a system of drop boards. Riffle rocks were used to
create a pool from which water can be diverted into the
downstream wetland.

Nutrient load estimates were also used to assess the
nutrient removal elliciency of the wetland. The nulrient
removal percentage of nitrate-nitrogen and phosphate
along the six wetland cells for the two sampling periods was
calculated.

2.2, Pilor wetland study

A pilot study was condueted at University DPutra
Malaysia to determine the nutrient removal elliciency of
two wetland plant species. The tank system was con-
structed simulating the surface flow wetland system n
Putrajayva Wetlunds, Two native welland  plants, the
Common Reed Phragmites karka and the Tube Sedge
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Lepironia articulata were selected and the experimental
period ran from July 2002 to February 2003. These two
wetland plants are the dominant marsh plants in the
Putrajaya Wetland cells. Eighty-one young stands of the
Common Reed and Tube Sedge were planted with their
potting materials in three rows at equal intervals into three
replicate  fibreglass  tanks (sized 1.5m  length x 0.7m
width x 0.75m height). respectively. Each tank had a
thickness of 5-mm to avoid leakage and to hold a large
capacity. A piping system was installed to these tanks on
site, which included inlet feeding pipes, outlet taps and
overflow holes (Fig. 2). They were filled largely with soil

and some small portions of gravel and sand (in a mixture of

soil: gravel: sand at 8:1:1) to avoid clogging and short
circuiting. and filled to a depth of 0.6 m for maximum root
growth. Gravel sizes used ranged from 0.5 to 4.0cm in
diameter.

The young Tube Sedge plants were allowed to establish
for 5 weeks before nutrients were louded, whereas nutrients
were loaded to the Common Reed treatment tanks aflter 4
weeks, The Common Reed and Tube Sedge tanks were led
continuously for 30 weeks and 8 weeks, respectively, with
nutrient solution concentrations of 50.0mgl™' N and
5.0mgl~' P. The nutrient solution was prepared by mixing
a soluble granule Ca(NO:); (contained 24% N) and
powdered commercial manure KHsPO, (contained 30%
P), The nutrient application rate o the treatment tanks was
22.5g N and 2.25 g P per week, which was diluted into 4501
of water and then fed into three replicate treatment tanks,
The flow rate of nutrient solution from the supplier tank
into the treatment tanks was regulated by taps. Influent
flow across the "wetland”™ and effluent was collected in a
collector tank and manually pumped back using a
submersible pump to the supplier tank to be re-circulated

manually pumped

to the treatment tanks for three cycles before it wi
discarded and replaced with new solution on day 7 and ne'
cycles repeated,

A 20mm PVC pipe and a 20mm valve were used t
regulate flow. The inlet feeding pipe in each treatment tan
was installed on Sem below the surface of the substrat
with an approximate length of 0.7m long and wit
perforated holes to ensure an even distribution of surfac
flow. The flow rate was regulated to ensure that a unifor
flow of 2.0 7.3x 10 °m*s ™! was achieved. The outl
sampling tap was [ixed al 5cm below the substrate surfac
An overflow hole was installed at 5¢m above the substrat
surface. therefore ensuring a consistent water level of abot
Scm above the substrate. A further two outlel taps wer
installed at 15 and 35cm from the bottom of the bed (¢
maintenance purposes. [or example, if a clogging probler
occurs. Another three replicate tanks, planted with th
Common Reed and Tube Sedge but not receiving nutrier
supplements, were set up as controls, These control tank
were filled with tap water initially and topped up wit
rainfall.

The waler samples were analysed weekly for chemies
oxygen demand (COD), ammoniacal-nitrogen (NH+—N
nitrate (NOs—N), nitrite (NO» N) and phosphate (POy P
using a HACH spectrophotometer (HACH. 1989). Plan
growth data for the Common Reed was collected [ron
measurements of leal and siem length, and shoot number
whereas for the Tube Sedge. stem length and stem numbe
were measured. Weekly visual inspections for pest attacl
and plant diseases were carried out.

The experiments were continuously monitored until th
plants indicated signs of ageing or senescence or wilte
when the system became overloaded with nutrients. At th
end of each experiment, three replicate plant samples fron

Supply tank

pipe 7|

manually pumped

T Sampling |4

Surface water

T Misture of
'soll, sand and gravel{8:1:1)

Collector
tank

Fiberglass tank (1.5 m X 0.7 m X 0.7 m)

Schematic diagram of a surface-flow

wetland mesocosm

Fig. 2. Schematic diagram of a surface-flow wetland mesocosm at University Putra Malaysia.
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the treatment and control tanks were sclected and
harvested. The plants were cleaned and sorted into leaf,
stem and root components. The {resh biomass weights were
recorded and above-ground biomass/below-ground bio-
mass ratio and leaffabove-ground stem ratio were deter-
mined. The plants were dried in an oven at 70 °C and the
water content of the plant biomass was determined. The
samples were then ground into powder form [or digestion
and N and P content was analysed using the Kjeldahl
(Blamire, 2003) and drying ash methods (Bureau of
Nutritional Sciences Ottawa. 1983), Plant litter from the
Common Reed treatment tanks was also collected for
nutrient analysis as were the substrate samples.

3. Results
3.1 Field study

The following parameters occasionally exceeded the two
water quality standards: the Putrajava Lake water quality
standard and the Class IIB water quality standard of the
Department of Environment for primary body contact for
water recreational activities; turbidity, ammoniacal-nitro-
gen, phosphate, total suspended solids and COD (Table 1).

Water depths in the planted sections ol the wetland cells
ranged from 0.4 to 2.0 m, although the drop boards were
not regulated regularly. as the normal water level in the
inlet chamber remained in the same range i.e. 28.5-28.8m
in UN6, 27.2-27.4m in UNS5, 26.0-26.3m in UN4 and
23.8-24.9m in UNIA. The flow rates were in the range of
1.3819.78 m?s ! in wetland cells UN1-6 throughout the
experimental period from April o December 2004.

Tahle 1

The nutrient removal performance was 70.73% lor
nitrate-nitrogen and 84.32% for phosphate, respectively,
along six wetland cells from Upper North UN6 to UNI
from April to December 2004 (Tables 2 and 3). The
nutrient removal performance detected along wetland cells
UNG6 to UN4 was 12.96% for nitrate-nitrogen and 33.15%
for phosphate from October 2001 to December 2002. The
nutrient removal performance was higher from UNG Lo
UN4 from April to December 2004 at 36.28% for
nitrate nitrogen and 40.42% for phosphate. The variability
and lower nutrient removal is due to the intermittent
addition of lateral sources of nutrients to the wetland cells
between UN6 and UNI or to low nutrient concentrations.
The overall improvement of nitrate-nitrogen and phos-
phate concentrations in UN6 to UN4 within these two
periods is shown in Figs. 3 and 4.

Nutrient accumulation by the Common Reed in the field
showed an increase of 25% N and 60% P in below-ground
tissue between October 2001 and April 2004 whereas in
substrates, an increase of 8.5% P was recorded. In the
same period of 30 months, there was a low increase in
nutrient accumulation at  2.45mg kg“ day ' N and
0.276 mgkg~' day ' P in the Common Reed plant biomass
collected from the field. Thus. harvesting practice is not
applied in Putrajava Wetlands.

3.2, Pilot wetland study

3.2.1. Growth rate and plant biomass harvested

The growth rate and total harvested biomass of both
treated wetland plants were higher than those in the control
tanks. The fresh biomass per plant of Common Reed was

Ranges of water quality data from sampling sites 81 54 in Putrajaya Wetlands and water quality standards

Water guality parameter Sampling period

Department of
Environment Class 11B

Putrajava Lake water
quality standard

standard

October 200 1-December April-December 2004

2002
In situ parameters
pH 5574 6.85-7.65 6.3-9 69
Conductivity (pSem™") 54.8-146.3 98.05-69.4 L1000 -
Dissolved oxygen (mgl™") 0.78-13.23 2.5-5.02 5= 59
Water transpareney (m) 0.069-0.51 0.098 .51 0.6
Water depth (m) 1.01-1.52 1.15-1.56 - “
Turbidity (Nephelometric 21.7-284.3" 18.7-134.2" S0 S0
Turbidity Unit)
Labarvatory analysed parameters
Ammoniacal-nitrogen (mgl h 0,13-0.72" 0.21-1.67% 0.3 0.3
Nitrate-nitrogen (mgl ') 0.07-2.23 0.7-1.78 7 7
Phosphate (mgl™") 0,07 0.32" 0.05-0.28" 0.03 0.2
Total suspended solids (mgl™ '] 10.25-137.5¢ 72732 50 30
l'otal dissolved solids (mgl ) 15.62-63.57 41.1-69.7 =
Chemical oxygen demand (Jngi_]) 2448, 75" 25 25
Biological oxygen demand (.38 1.65 ~ 3

(mel ")

"Indicates parameter that does not comply to Malaysian water quality standard.
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Tabile 2

Nitrate-nitrogen (NO:-IN) and phosphate (POsP) removal rate [rom
sampling sites S1 84 in Putrajaya Wetlands from October 2001 to
December 2002

O=0,LH" NO+N PO, P Loading Loading
(m?s=h lmg]"ﬁ (mgi™) nitrate-N  POu (kg
(keday™') dav™")

51 I6.4842.47 1294036 00184011 183 .26

52 HA1-E2.72 L79+0.532 0174009 171 0.16

83 8484289 1.50-£043 0.1740.10 1.1 0.12

54 11.824-3,19 1:360.70 0074008 L6 .17
Sampling points NO; removal rate (%) Q) removal rate (%)
51-82 6.4 39.0

S2-83 36.0 24.3

53-54 —43.3 448

S51-53 40,1 R

S1-84 129 43.2

n= 8. Loading = flow. 0 x nutrient concentration,

Table 3
Nitrate nitrogen (NO;-N) and phosphate (PO4-P) removal rate from
samphing sites S1-55 i Putrajaya Wetlands from April to December 2004

0=C,LH"S NO:+N PO P Loading  Loading
(mis Y (mgl "y (mgl™)  nirae-N PO,
(kgday™) (kgday™

)

St 17224181 1384067 0L1p+0.07 2.0 0.2
52 3954247 1234035 0172006 0.6 (1
S3 15864243 1.26-0.36 0.16+0.11 1.7 0.2
54 11834363 128045 0.1410:01 13 [N
S5 7.20+3.97 0.96+0.33 0.06+0.07 0.6 (.1
Sampling points NO; removal rule (%) POy removal rate (")
51-52 69.2 4.4
§2-83 —174.9 —152.6
5354 24.7 338
S4-83 54.1 737

St 83 154 10.1
S1-54 36.3 4.4
S1-85 0.7 #4.3

i = 8. Loading = flow. (J x nuirient coneentration.

0.58+0.08 and 0.16+0.09kg, respectively, whereas (or
Tube Sedge the fresh biomass per plant was 0.3140.10 and
0.15+0.01 kg, respectively for plant samples harvested
[rom the treatment and control tanks (Table 4 and Fig. 5).

In this 30-week growth period, the treatment plant

samples of the Common Reed showed a long period of

growth but a shorter maturily stage compared to the
control plant samples which demonstrated a longer
maturity stage. However. Common Reed treated plants
experienced senescence and Tube Sedge treated plants
collapsed in a shorter period. Generally a wetland plant
experiences senescence alter the post-flowering stage.
However, no flowering stage was observed in both contral
and treatment tanks of the Common Reed. The treated
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NO4-N (mg/l)

Oct- Dec- Feb- Apr- Jul- Sep-Nov- Mar- Jun- Aug- Oct- Dt
01 01 02 02 02 02 02 04 04 04 04 O

Time (month)

[—o—UNB ——UN6o —r-UNSc —8—UN4o |

Fig. 3. Nitrate-nitrogen (NO;-N) concentrations (mgl ') in Upyp
North cells UN4-6 in 2001-2002 and 2004 (0 = outlet).

0.4
0.35
0.3
S 025
£
o 0.2
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01
0.05
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Oct- Dec- Feb- Apr- Jul- Sep- Nov- Mar- Jun- Aug- Octk
01 041 02 02 02 02 02 04 04 04 04 f
Time (month)
|=C—UN6 —T—UN6o —vr—UNSo —e—UN4o
Fig. 4. Phosphate (POQ.—P) concentrations (mgl™") in Upper North ce

UN4-61n 2001 2002 and 2004 (0 = outlet),

Tube Sedge stands collapsed after 8§ weeks of il
experimental period. probably due (o nutrient overloa
conditions. Wetland plants are able to uptake hig
amounts of nutrient under high nutrient load condition
until a threshold concentration is achieved.

3.2.2. Nutrient uptake

The nutrient uptake efficiency of the Common Reed wi
higher in leaf than in root and above-ground stem. Fc¢
Tube Sedge. the nutrient uptake efficiency was higher i
root than in stem (Table 5). Nutrient content in treated le:
and stem samples of the Common Reed (23.100 g kg '
1.270gkg " P and 11.370gkg™" N; 0.680gkg™" P) we
higher than those in stem samples of the Tube Sed
(8.430gkg™" N: 0.870gkg™" P), except the phospha
accumulation in the stem sample was lower in the Commo
Reed. Nutrient content in root samples of the Tube Sedg
(12.500 kg™ N: 1.620gkg™ " P) was higher than in (k
root samples of the Common Reed (12.300gkg ' D
1.010 gkg™" P). The total net nutrient accumulation in th
plant biomass of the Common Reed was 0,076 ke N an
0.005 kg P per tank for a period of 30 weeks and the Tuk
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Tuble 4

'
a

Fresh and dry biomass ol the Common Reed and [ ube Sedge in the treatment and control tanks

Common Reed (210 davs)

Tube Sedge (36 days)

Treatment plant sample

Control plant sample  Treatment plant sample  Conteol plant sample

Number ol samples n=273

Fresh hiomuss per plant (kg (.58 (108 (.16 0.0w 3] 010 1a=+=]
Totdl above-ground (resh biomiss per tank (kg) 021+ 169 L6 0. 155 360033 187015
Ahove-ground hiomass/ helow-ground biomass ralio 0394027 0.474+0.20 4.40+0,85 29041.01
Leal abowve-ground stem ratio (.28 =10L028
Water content i plant biomass ()
Leal 4349 39
Above-ground slem 47.3 47.3 389 389
Below-ground biomuass 720 P2 63,1 (Rl
Fotal dry plant biomass (kg)
Leul 0.76 0,14
Above-ground stem 2.56 14n |45 0.77
Below-ground biomass 2.95 (.66 1,24 (.23
200
180
160
£ 140
=2
= 120
)
& 100 -
2
g 80
;% 60
40
20
n T T T
0 5 10 15 20 25 30 35 40
Time {week)

I —t— Common Reed Treatment
—i— Tube Sedge Treatment

—a— Common Reed Control
—a&—Tube Sedge Control

Fig, 3, Growth of Common Reed and Tube Sedge stems in trestment and control tanks

Sedge showed a lower nutrient content at 0.009 kg N and
(.001 kg P per tank lor a period ol § weeks (Table 6), which
is probably partly due to the different time periods. This
result showed 1hat the Common Reed has a higher nutrient
absorption and storage capacity. Tolal nitrogen accumula-
tion in the Common Reed treatment plant samples was
0344pm “day ' compared to 0.155gm “day ' in the
Tube Sedge whercas total phosphate accumulation in
the Common Reed (reatmenl plant samples was
0.02degm “day " and 0.023gm “day " in Tube Sedge
{Table 6). Nutrient accumulation of 24.000 ¢kg™ N and
1200 ke * P alse was recorded i plant litter collected
from the Common Reed treatment tanks compared to
16.300gke " N; 0.500 gkg™' P in the control tanks.

3.2.3. Nutrient removal
The water sample nutrient content analysis showed that
the removal efficiency in the Common Reed and Tube

Sedee treatment tank systems was 81.3% TN (76.3%
nitrate-nitrogen): 32.5% P and 52.6% TN (43.4% nitrale
nitrogen): 24.7% P. respectivelv. throughout the experi-
mental period from July 2002 te February 2003, It was not
possible Lo continuously monitor the variable flow rate in
the outlet ol the tanks. therclore the nutrient removal
efficiency was determined from nutrient concentrations and
not from loadings. The nutrient concentrations improved
throughout the experimental period (Fig. 6). Phosphate
concentrations showed marked variability in comparison
to ammoniacal-nitrogen and nitrale-nitrogen concentri-
tions in the Common Rced treatment tank study.

For the experimental period of 30 weeks. a total of
0.180kg N and 0.018kg P was applied to each ol the
treatment tank of the Common Reed. While for the Tube
Sedge. a total of 0L053 kg of N and 0L005kg of P was
applied to each treatment tank for an experimental period
of 8 weeks. Nutrient removal through uptake by the
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Table 5
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Nutrient content in above-ground and below-ground plant biomass of the Common Reed and Tube Sedge in the treatment and control tanks

Common Reed

Tube Sedge

Treatment plant samples

Contral plant samples

Treatment plant samples

Control plant samples

N (mgkg™)

Number ol samples

Abhove-ground hiomass
Stem samiples

=3

LE370 + 1650

3670+ 1680

8430+ 5450

7570 4 1860

Leal samples 25100+ 2340 105304+ 3100
Below-ground hioniass 1230041212 6920+ 2050 12500 -+ 4830 4800 = 2780
P(mgke ")
Above-ground biomass
Stem samples 680 -+ 360 330490 8570140 360+ 150
Leuf samples 1270270 700+ 260
Below-ground biomass 1010+400 360 =50 1620+ 760 4304 180
Table 6
Nutrient uptake of the Commeon Reed ind Tube Sedge in the pilot tank svstem
Common Reed (210 days) Tube Sedge (36 days)
N P N P
Number of samples =73
Total net nutrient uptake by plant per tank (kg) 0.076 0,005 0.000 0.001
Total nutrient applied per treatment tank (kg) 0.8 0.018 00525 00033
Y of net plant uptake 42.1 28.9 174 261
Total net nutrient accumulition rate (gm = day™") 0.344 0.024 0155 0.023

Nore: Net value was caleulated by deduction of nutrient content in contral plant samples.

Common Reed and Tube Sedge was 42.1% N: 28.9% P and
17.4% N: 26,1% P, respectively (Table 6). There was no
accumulation of either N or P in the substrate in the
Common Reed and Tube Sedge tanks compared to the
initial substrate samples. However. higher nutrient accu-
mulation was recorded in the substrate of Tube Sedge
treatment tanks (0.600 gkg ™' N: 0.052gke ' P) compared to
those in the control tanks (0.500gkg™' N; 0.049gkg ' P).

4. Discussion
4.1, Field study

The field water quality results showed that water quality
normally improved with flow length along the wetland
cells. Although the aspect ratio of each wetland cell UN6-1
was below 4, the minimum recommended by Crites (1994),
the combined maximum aspect ratio of UN6-UNI is 8.19
{Table 7). The water quality improvement was reduced
during periods of rainfall when levels of total suspended
solids, nitrate and phosphate were highly variable.
Malaysia has high rainfall throughout the year, with an
annual rainfall of 2300-3000 mm year '. The field study
results showed that nutrient removal efficiency increases
with the hydraulic residence time. but decreases during
periods of high precipitation. In wet climates. both

treatment and hydraulic performance should improve if
design strategies that minimize ingress ol rainfall can be
developed (Davison et al.. 2001).

Negative nutrient removal was recorded in UN4 during
October 2001 to December 2002. due to the discharge of
higher nitrate—nitrogen concentrations [rom the side in-
flows to the wetland cell. Furthermore, it is also due to
fluctuation in water discharge rates between inlet and
outlet of UUN4,

High rainfall will cause heavy silt load being washed to
the wetland. Siltation can reduce long term wetland
performance and the service-life of a wetland considerably
(Tanner et al.. 2002). Serious siltation occurred in wetland
cell UNS during April to December 2004, caused by
discharges of sediment from the side inflows. which
impaired the wetland function resulting in no nitrate—
nitrogen removal being recorded (Table 3).

About 50-60% of the planted zone of this wetland cell
was invaded by terrestrial weeds, The siltation resulted in
shallower wetland bed and flow channelization. The open
water area has been largely reduced to a small area
resulting in a ponding effect. Dredging of silt is recom-
mended to be undertaken to restore the nutrient removal
function.

In  Putrajaya Wetlands, development and landuse
activities in the catchmenl cause a high pollutant load o
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Fig. 6, Nutrient content in treated water sumples from the Common Reed treatment tank.

Table 7

Aspect ratio of wetland cells UNT-6

Wetland Wetland  Wetland cell  Wetland eell Maximum Minmum

cell cell length maximum IR aspec aspect
{m) width (m) width {m) ratio Fatio
LINT 320 317 467 0,64 0.62
UNZ 255 67 233 .09 0.69
LING 363 173 [33 274 211
LIN4 345 200 175 1.97 .73
UNS 263 260 225 1,18 1.02
LING T3 250 2411 1.9% 1,910
UINE 6 2025 203 247 K19 (.91

be discharged into the wetland through the v-drains and
gross pollutant traps. However, a study of inflow [rom a
lateral bank of the wetland showed no 1mpact on water
quality improvement except for an incredse in total
suspended solids levels.

The high evaporation (1300 1400 mm year™") and eva-
polranspiration rate (6-16.76 mm day™") in Malaysia may
cause concentrations of parameters in a wetland outflow to
be higher than that of the inflow.  is important to control
the water discharge rate along the wetland cells to ensure
that nutrient removal processes are optimized in the
wetlands. Water level control is important to ensure the
survival of wetland plants in long periods of inundation,

4.2, Pitor wetland study

The planted wetands i the pilot study showed higher
nutrient removal efficiency than the unplanted wetlands,
A clear trend of improved total nitrogen removal and
enhanced phosphorus mass removal achieved by planted
wetlands compzlrcd to unplallted controls was also shown

by Tanner et al. (1995). The wetland plants have a large
above and below biomass and these sub-surlace plant
tissues grow horizontally and vertically, and create a large
surface area for the uptake of nutrients and ions (Cooper ¢t
al., 1996). Each wetland plant species shows differential
accumulation and release of N and P and may influence the
overall potential of a treatment wetland (Kao et al., 2003).
Tropical wetland plants show high biomass production and
the values can be used as an indicator to estimate the
nutrient uptake capacity of the plants (Greenway and
Woolley. 2001). In this study. both the Common Reed and
Tube Sedge had a high biomass growth of 0.49-0.66
and 0.195-0.380 kg per plant. respectively (Tablc 4). and
a maximum growth of stem length at 930 and
8.37emweek . respectively (Fig. 5). The growth rate of
Common Reed and Tube Sedge (above-ground biomass)
was higher. at 0.028 and 0.061 kem > day™'.
compared to other wetland plant species such as yphu
domingensis. Schoenoplectuy validus and  Eleocharis spp.
(0.002-0.006 kgm " day™') in a pilot wetland system in
Cairns. Australia (Greenway and Woolley, 2001). How-
ever, the Common Reed. with an extensive root system and
a higher below-ground biomass achieved higher plant
uptake in comparison te the Tube Sedge.

Nutrient removal through plant uptake by the Common
Reed and Tube Sedge in this pilot study was 42.1% N
289% P und 17.4% N: 26.1% P, respectively. Table 8
shows the nutrient removal efficiencies of studies of plant
species in constructed wetlands. Plant uptake by soft-stem
bulrush  Schoenoplectus  tabernaemontani  and  Bawmed
articulara accounted for around 11 26% of the N and
3-29% of the P removal rates (Tanner et al,. 1V05;
Browning and Greenway. 2003). Breen (1990) and Rogers
et al. (1991} reported the nitrogen plant uptake of 55% for
caltails and 85% ftor Schoenoplectus ralidis. respectively.
A study by Lim et al. (2001) in Malaysia showed that about

|'L::'-'.pc-:Lin'1y,
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Table §

Nutrzent rempval efficiencies of studies of plant species in constructed wetlands

Studies Nutrient removal — Types of Plan! species used Nutrient plant uptake in plant biomass
efficiencies wastewaters
(kg ha=! day=")
N P
Pilot study 344 0.24 Nutrient Phragmites kurku 47.12%, N: 28920, P
solution
.56 0.23 Nutrient Lepirania articulata 17.43% N: 20.08% I
solution -
Headley (2004) Nursery Phragmites australis 41-54% N; 36-63% P in above-ground
runoll biamuss,
24-30%, N: 36-39% P in below-ground
hiomass
Toet (2003) (.33 0.082 Sewage Phragmites australis 37-42% N; 22-40% P
elMuent
Browning and 0.8-7.3 Baumea avdicnlata, Carex fuscicularis, Philvdrom 1% N; 3% P

Giraenway (2003)

Greenway and 0,72-1.93 0.22-0.68 Secondary

laginosum and Schoenoplecins mucronatus
Typha domingensis, Schoenoplectus validus, Eleoclivais 14.5 80%, N, 24-80%, P

T-H% N

Woolley (2001) effluent eguiseting, Eleocharis sphacelata
Kantawanichlkul et 112 Livestock Cyperus flabelliformis
al. (2001) effuent

Limetal. (2001) 4.5 Septic tank  Cattail Tvpha sp.

04140491 s Nm “dayv ' in above-
ground biomass

0.197gNm “day™" in below-ground
biomass

L6k ha ! day™! (50% N)

effiuent
Tanner (2001} 30 1.0 Dairy farm  Soft-stem bulrush Scheenoplectus tabernaemoniani

wastewalers
ORurut (2000) T 0.24 Septic tunk  Cuperns papyriy 1495219 mge~' N: 561-595meg !

effluent TP in above-ground tissue. '
Okurut (2000) 14 0.26 Septic tank  Phragmites australis 19.96-22 |6mee~' TN;

effluert 7.90-10.05 mge~ " TP in below-ground

hiomass
Koottatep and an Septic tank  Cuttinl Tvpha angustifolia 43% TN (31% in leal, 10% in stem, 2% in
Polprasert (1997) effluent rool)
108 0.229 Sewage Typha latifolia

effiuent

Greenway (1997) 3.68 1.997 6A8% N

1.5-14  1.3-32  Dairy farm

wistewaters

Tanner et al.
(18995)

Soft-stem bulrush Schoeroplectus tahernaemontani

50% of the nitrogen was stored in the leaves of cattail
plants whereas a maximum rate of total nitrogen accumu-
lation in plant biomass at 80% was recorded by Greenway
and Woolley (2001).

One of the major sink for phosphorus in most wetlands
is the soil (Kadlee and Knight, 1996). Most of the
Phosphorus component may fix within the soil media
(Brix. [987) in the tanks. However, the nutrient stored in
the substrate in this pilot study was not sienificant.
probably due to the short experimental period. Higher
plant growth was achieved under higher nutrient loading.

A higher nutrient removal of 52.6% N and 24.7% P was
achieved by the Tube Sedge pilot tank system al a higher
nutrient loading compared to 36.7% N and 12.7% P at a
lower nutrient loading in this study, The plant nutrient
uptake rate for the Tube Sedge was 14.1% N and 12.0% P
compared to 17.4% N: 26.1% P at a higher concentra-
tion. A piloet study treating nursery runoff in Australia

showed that Nitrogen removal increase with higher loading
rates. until a threshold at 2.75gNm “day ' (Headley.
2003).

4.3. Conclusion

The nutrient removal efficiencies in the pilot study tanks
except for nitrogen removal by the Common Reed were
lower than in the section of wetland cells in the field. The
overall nutrient removal efficiency in Upper North wetland
cells of the Putrajaya Wetlands was satisfactory. The feld
study also showed that nutrient removal efficiencies
improved. as expected. with a longer flow length from
UNG6 to UNI. However, wetland size is largely pre-
determined by land availability and land value. although
it should be determined by the targeted pollutant removal.
The study confirms that the selected plants are suitable for
a treatment wetland in a tropical climate. However, long
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term monitoring and maintenance is crucial to ensure the
performance of the wetlands.
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Abstract

This pitper deseribes an online water quality monitoring and management system that was developed by combining a chemical oxygen
demund sensor with an arificial nearal network weehnology and a virtual imstrument techmique. The system was used to model the
hydrological environment of the Loming River basin in Daging City. Chinu, in an effort wo maintain the water quality in this basin at o
level compatible with the status of Daging City as a scenic resorl, Operation of the system during the past 2 vears has shown that an
optimal allocation ol water (including water released rom an environmental reservour to mitigate pollution events) could be achioved [o1
the basin using the information gathered by the svstem: using muathemutic models established lor this svstem. the quantity of witer
released from the reservoir is adequate to improve the overall water environment. The results demonstrate that the system provides an

effective approuch (o water quality control for environmental protection.

¢ 2007 Elsevier Lud. Al rights reserved.

Kevivordy, Ontine monitoring: Water environment management; Hydrological environmental modehng: One-dimensional advection dilfusion

1. Introduction

Muany urban rivers in China. and particularly scenic
rivers. have been polluted by overland runoff from point
and non-point sources (Xu et al., 2004; Dong et al.. 2004;
Deng, 2003), Accidental pollution has often occurred, and
sometimes identification of water pollutants and pelluters
was not possible hecause water samples could not be
obtained i a timely manner (Chai et al.. 2004). For
example. fish mortality occurred overnight in one incident
and was only detected the next morning. after the
contaminated water had already disappeared (Bode und
Nusch. 1999). In China, online moniloring installations
have been constructed for several large rivers. including the
Huanghe River (Zhao. 2004), the Huuathe River (Chen et
al., 2003), and the Haihe River (Meng. 2002). to provide
real-time information to cuide environmental protection
decision-makers. Although considerable progress has been
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made in recent years to develop an online walter quality
monitoring capability. these installations still only comple-
ment laboratory testing. which is not yet a fully viable
alternative (Drage et al., 1998).

For most medium and small rivers. few ol the hydro-
logical stations are well-equipped. and the apparatus that
are being used are ouldaled and cannol satisfy  the
requirements of detecting and responding o pollution
events. Some researchers have investigated infegrated water
quality models (Richards ct al.. [996; Ning ¢t al.. 2001,
Beck. 2005: Lindenschmidt et al.. 2005) and environmental
management systems based on hydrologic modeling (Chau
et al.. 2002; Mujumdar and Saxena, 2004; Zacharias et al.,
2003). but these systems are nol connected with any online
monitoring system. Even in cmergency cases of wuler
pollution. no leasihle management scheme can he worked
out in a timely manner (Thoms and Swircpik. 1998. Rauch
and Harremeoés, 1999: Huang and Xia. 2001: Quinn. 2003).
These problems justify the development of an online waler
quality monitoring and management system that can
provide an early warning ol water-pollution events. In
recent yeuars, the Chinese government has paid much
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attention to monitoring and management of the country’s
water environment. The online water quality monitoring
and management system that has been implemented for the
Liming River basin in Daging 1s one example of the
resulting government-funded programs.

This paper describes the Liming online water quality
monitoring and management system. which uses modern
data transmission and artificial neural network (ANN)
techniques to monitor the river's water environment and
hydrological-environmental models to forecast the poten-
tial environmental water demand. This combmation of
techniques  allows optimal allocation of water using
information acquired from the monitoring system and
eslimates (rom the water environment models.

2. Background information on the Liming River basin

Fig. | illustrates 37 km of the Liming River in the eastern
part of Daging City of China’s Heilongjiang province. It is
one of the six major streams in this area that are managed
for flood prevention and scenic purposes. In recent years,
different sources of contamination have caused deteriora-
tion of the water quality in the river and other bodies of
water, including lakes and reservoirs: oil-contaminated soil
(from which oil is leached into the river by overland runoff
and percolation through the soil). domestic sewage, and
wastewaler produced by oil-extraction plants. Many
measures have been taken to improve waler quality,
including the construction of a wastewater treatment plant
for the removal of oil pollutants from surface runolf and
accidental o1l spills, and the construction of an under-
ground sequencing batch reactor with aerated sludge
facilities used to treat domestic sewage concentrated from
geveral geographically distinet locations. These measures
have effectively controlled pollutant sources lo some

degree, but organic pollutants and a lack ol clean water
in the Liming River are both responsible for poor water
quality. To help resolve this problem. an environmental
reservoir with a capacity of 0.74 x 10°m® has been built
north of Daging City to provide a source of clean water.
Water can be released [rom this environmental reservoir to
improve water guality in the Liming River as a result of
dilution and fAushing ellects. However, it was necessary 10
develop an online monitoring and management system for
the Liming River basin to coordinate the release of water
from seasonal lakes and reservoirs and lo assess the
assimilative capacity of the river and thus, improve our
ability to manage water quality.

3. Water quality monitoring
3.1. Configuration of the water quality monitoring system

In order to provide an early warning when water quality
in the river drops below an acceptable level. five monitor-
ing stations were installed along the river. and one central
control station was established at the Daging Flood
Prevention Distribution Center (Fig. 1). Water manage-
ment software was installed on a computer at the Cenler to
monitor such parameters as flow rate, total organic matter.
total petroleum hydrocarbons, and total suspended solids.
In this paper, we have chosen chemical oxygen demand
(COD) as the water quality parameter used to represent
total organic matter, since COD data are available from
the online monitoring stations.

3.2. Data transmission process

Fig. 2 illustrates the existing signal-transmission network
for data from the monitoring stations. The system at each
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Fig. 1. Schematic diagram of the Liming River basin.
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monitoring sStation includes data links using 4 20-mA
power cables. RS232 connections. and wireless commu-
nication. Real-time analog signals carried by the power
cables are obtained (rom each monitoring station through
i oseries of water quality sensors. A programmable logic
controller s used 1o convert the analog signals into digital
stenals, and then dataloggers at each monitering station
read these signals through an RS232 mterface. In addition.
general packet radio service was adopted: this service relies
on refransmisston and data integrity protocols to ensure
that data packets transmitted by radio do not deteriorate
or become lost. This lechnique can be used to greatly
improve Lhe reliability of data transmission (Lindemann
and Thummler. 2003), Communication belween datalog-
gers. the monitoring stations, and the control center is
mainly carried out by means ol the short-message service
(SMS) technology complemented by a dial-up connection
[or use when this service is unavailable. The control center
sends out o request to each station every 30min. The
station packages its monitoring data once per 30s and
translers o compilalion of this data to the control center
when it receives the request from the control center. In
addition. the contrel center can be connected 1o the
Internel by means of a dial-up connection at any tme (o
publish information and share 1t with the public.

3.3, Online monitoring wsing an ANN

The online water qualily monitoring system that was
developed for the Liming River basin used standard
techniques for monitoring flow rate. total suspended solids.
and total petroleum hydrocarbons. using instruments that
are readily available on the market (Hu and Yang. 2004). A
“solt” measurement technique Tor COD was used fo
overcome the drawbacks encountered with traditional
online instruments. In this approach. multiple sensors are
combined (o evaluate COD in terms of changes in
ultraviolet (LIV) and visible (Vis) spectra and in pH.
Because almost all orgame matter exhibits characteristic
ahgorbance in the range of 215-3lanm (especially in
254 nm). UV Vis absorbance spectroscopy 1s widely used
to characterize dissolved organic matter in water. In
addition, pH. which is affected by dissolved substances.
can sensitively indicate variations in water quality (Ben-
jathapanun ¢t al., 1997: Grattan, 1998). The
commonly used computational algorithm, back-propuga-
tion. was used in an ANN model to parameterize the non-

maost

Sensors of
UVsss and pH

1l

Analog-digital

Converter

Fug 30 Mustration ol the ANN moudel used 1o convert absorbance of UV
and Vis laht (UWVaay) and pHonto an estimated COD value

linear relationship between two water quality parameters
(LIVasy and pH) and COD. With UV.sy and pH used as the
inputs for the ANN and COD used as the output. o two-
layer feed-forward neural network was created (Fig. 3).

In the process of training. one iteration of this algorithm
can be writien as lollows:

N | =X — sl (1)

where xp is a vector array ol current weights and biases.
Xy is the value used as the input in the next iteration. g,
is the current gradient, and 2 is the learning rate.

Starting with an initial learning rate (2, = (L 1), an initial
momentum constant (i, = 0.9). five hidden neurons, and
an error rate of 0.01, the weights and biases are iteratively
adjusted usig the momentum method to evaluate the
network performance (Hill et al.. 1993), and the goal is to
minimmize the mean squarcd error (MSE) between the
network outputs and target outputs during the traming
process. I the MSE becomes smaller than the training goal
and stable at the end of each learning epoch by adjusting «;
and me,. then the parameter set can be determined and post-
processing can be carried out.

This algorithm is realized n a virtual mstrument laver.
In the process illustrated in Fig. 3, analog signals (data
from the UVasy and pH sensors) are divectly converted into
inttial digital signals using an analog Lo digital converler,
and then the digital signals are transferred through SMS (o
the virtual instrument laver to quanufy COD. The virtual
instrument layer was simulated in hdardware (a VXI bus
card with an TEEE1394 bus controller) that was selected
for its high perlformance. The required soltware was
developed using version 7.0 of the LabVIEW soltware
(National Instruments, Austin, Texas). which facilitates the
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Fio. 4, Results of the training and learning stages for the ANN used to
estimate COD (with pH in the range of 4.3-6.2).

development of virtual instruments and produces software
that can be run on several types ol computers and
operating systems without changing the source code
(Tanner and White. 1996: Toran et al., 2004). The complete
virtual instrument was designed using the G language.

Once the models have been embedded in the computa-
tion software, the computers and instruments used for
measuremenl and control are integrated through the
virtual instrument layer. During the learning and training
stage. data obtained [rom historical records (2004-2005)
provided by the Daging Flood Prevention Distribution
Center was used. During the application stage, Fig. 4
shows that the estimated COD wvalues were in good
agreement with the observed values for pH values ranging
from 4.3 to 6.2. The calculated values and measured values
were [itted using version 11.5 of the SPSS software (SPSS
Inc., Chicago. [llinois). The correlation coefficient was
0.924, which suggests that the model was acceptable for
application in the Liming River basin and that the
determination of COD values using UVss4 and pH data
could be used to rapidly perform online real-time
measurements.

4. Hydrological-environmental modeling
4.1, Water quantity submodel for the river

In this paper. submodels for the environmental water
requirements and of rainfall-runoff forecasting are in-
cluded in the overall water quantity model. The environ-
mental water requirements include modeling of the water
required for assimilation of polluted river water, for
evaporation, and for conservation of groundwater.

4.1.1. Quantity of water required for assimilation of polluted
river water

The assimilative capacity of a river is defined as its
capacity to ‘“‘digest” pollution by means of biological
activity and physical purification, both of which depend on
the uses of the body of water and the quality standards
adopted by the management agency (Lee and Wen, 1996).
Calculation of the quantity of water needed for assimila-
ton of polluted river water requires calculation of the

inverse of assimilative capacity; that is, it represents the
minimum quantity of water needed to permit self-purifica-
tion and dilution of the pollutants. including the quantity
of water diverted from other water conservalion projects
when the river water has been badly polluted. The quantity
of water needed for assimilation of polluted water in the
Liming River can be calculated as follows:

_ (@11 + Qs Co)exp(—kv/x1) — (O +¢1)Cw

4
Qi Cy — Cexp(—kt) @

where (] is the flow rate from upstream (s~ 1), Cyis the
concentration of pollutants from upstream (mgL™'). ¢, is
the flow rate from the pollutant sources (mgs "'J, ¢y 15 the
concentration of pollutants from the pollutant sources
(mg L™". 0, is the flow rate released from the environ-
mental reservoir (m’s™!). C is the concentration of
pollutants [rom the environmental reservoir (mg O
is the standard for water quality (mgL™"), & is a
degradation coefficient (1/day). xy is the length of the river
(m). and v is the average flow velocity (mday ™).

4.1.2. Quantity of water needed for evaporation

Evaporative losses are an important part of a river’s
environmental water demand, especially during the sum-
mer. Evaporation of river water decreases the quantity of
river water, without greatly affecting the quantity of
pollutants in the river. Thus, evaporative losses should be
compensated for by water diversion from other bodies of
water using the following formula:

0.14(E — P), E>P, ”
%=1y, E<P, 3)
where @ is the waler demand created by evaporation
(10*m®). 4 is the average surface area of the water (km®),
P is the monthly rainfall (mm). and £ is the monthly
evaporation (mm).

4.1.3. Quantity of water needed [for conservation of
groundwater

Leakage from the river occurs when the water table is
lower than the river water, and can be another important
environmental water demand. Leakage losses can be
calculated using the following equation:

0; = k4, (4)

where Qs is the annual loss of river water to leakage
(m* yr‘ll and k, is the leakage coelficient (m yr ).

4.1.4. Caleulation of runoff from precipitation

The Soil Conservation Service curve number (CN)
runoff-estimation approach (Soil Conservation Service.
1972) was used, with some modifications, to calculate the
runoff from precipitation. This method uses the following
equation (Smith and Williams, 1980):

Qy = (P —0.25)° /(P +0.85), (%)
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where (J4 is the runoff amount (mm), P is the ramnfall depth
(mm), and S is the maximum retention estimated for dry-
soil antecedent moisture condition I (AMC-I). and can be
calculated using the following equation:

S =(25400/CN) — 254, (6)

where CN i1s the curve number used for the AMC-I soil
moisture condition.

To compute the runoll amount from rainfall depth as a
function of these initial abstractions and soil water storage.
S s estimaled [rom the actual water content in the upper
soil layers and [rom Lhe CN that characterizes the soil and
its vegetation or other cover. To further improve accuracy,
CN is calibrated rom the observed data lor wet, average,
and dry antecedent soil moisture conditions, When ramf{all
data is used. the CN parameter is calibrated by combining
the analysis of observed runoff hydrographs with the
rainfall breakthrough curves for the same runoff events. As
long as a suitable CN (here. one that falls within the 90%
confidence interval for the calibration data, Bhunya et al.,
2003) is obtained, runoff can be forecasted with consider-
ahle accuracy.

4.2, Hydrodynamic subniodels

The motion of bodies of water in open channels can be
described using the Saint-Venant equations, which express
the conservation ol mass and momentum (Luis and José,
2004). Conservation of mass leads to a continuity equation,
which establishes balances between the rate of rise in the
waler level and the wedge and prism storage components
(Singh and Woelhiser. 2002). Conservation of momentum
leads 1o a dynamic equation that establishes balances
between inertia, diffusion, gravity, and frictional forces.
The governing continuity and momentum equations can
therefore be writlen as

)l = . (9)
)| = q,. (10)
), O(Ni—g = My, O, (1)

where Q is the flow rate (m’s '), A, is the cross-sectional
flow arca (m°), x is the horizontal distance (m). 7 is the time
(8), ¢ 15 the lateral inflow or outflow (positive for mflow and
negalive for outflow: m's 'm~"). o is the momentum
correction coefficient. ¢ is the gravitational acceleration
(ms 7). /i is the water surface elevation above datum (m).
R = A/P, is the hydraulic radius (m), P, is the wetted
perimeter (m). C is the de Chezy resistance coefficient, {
denotes the boundary, h is the water surface elevation
above the datum at the boundary (m), ¢, s the flow rate at

the boundary (ms™"), My is the initial water surfac
elevation above the datum (m). and O, 18 the imtial Hoy
rate (m'!'s"l.

Eqs. (7) and (8) are described in mathematical terms as
pair of one-dimensional non-linear hyperbolic partiz
differential equations. The solution of any system @
differential equations generally depends on the existence
uniqueness, and stability conditions. For many applica
tions, it is not possible to solve the Saint-Venunt equation
analytically. but it is possible to solve them numericall
using the Preissmann implicit scheme with the modc
boundaries represented by flow-time, stage-time, o
stage-flow relationships (Crossley and Wright. 1997).

This model can also be used (0 generate the necessar
input data for simulating water quality.

4.3. Water quality submodels

The transport of pollutants is modeled using a Anite
difference approximation to the one-dimensional advec
tion—diffusion cquation (Sicgel et al., 1997):

eC &C aC

— =D ——p——— ke Sy, (12
ar ox= cx

C(x)|; = ey, (13
C(O) =y = co- (14
where C is the pollutant concentration (kgm . v is th
cross-sectional average flow velocity (ms '), D is th

diffusion coefficient (m~s '), S, is the source/sink tern
(representing decay. growth, erosion, deposition. and othe
processes; kgm ™' s™'), and ¢, and ¢ are the boundary an
initial concentrations in the river, respectively (kgm 7).

Model boundaries are represented by concentration
time or concentration-flow relationships. Pollutants cai
also be added or removed from any point in the modelin,
Process.

Water quality modeling can cover a wide range of value
for the water quality parameters, including the concentra
tions of solutes and suspended sediments. All the variable
in Eq. (12) represent cross-sectional average quantitics
This equation is solved using a novel implicit scheme base:
on a finite-volume central-difference scheme and a highl
accurate Ultimate Quickest scheme (Yang et al., 2002),

4.4 Modefling procedure

The three submodels comprise the hydrological-envir
onmental model. The integrated modeling is capable o
predicting the water surface elevations. veloeity. distribu
tion of water quality parameters along the river, the river
assimilative capability, and the quantity of environmenta
reservoir water allocated for the Liming River.

The hydrodynamic submoedel can provide the water floy
data needed for the construction of the water gualiv
submodel and the water quality submoedel can be used
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stnulate water quality so (hat the results of water quantity
modeling can be verified and optimized in a timely manner.
I water quality in the river does not comply with the
munagement agency's waler quality standard. the water
quantity modeling would be continued until the amount of
released water required to produce a sutisfactory water
quality s achieved.

5. Results and discussion

[t is necessary to divert water Lo improve water quality
when pollution levels exceed the limits defined by the
management agency. The quantity of water that must be
relensed from the environmental reservoir 1o maintain an
appropridic water guality is determined by the results of
the hydrological-environmental modeling. In addition. the
decision-making process requires that, in order to reduce
the pressure on the clean waler resource, the quantity of
water released from the reservoir must be as little as
possible to bring water quality in the river into compliance
with the standard. In the decision-making process, the
model is only used Lo caleulate the release ol clean water
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when the river’s water quality exceeds the defined limit, and
the calculation continues until the water quality complics
with the standard: the quantity of water released for
dilution ol the pollution is thus defined. Fig. 3 shows
several examples that illustrate the monitored water quality
in 2004 and 2005, Fig. 6 shows an example of a waler
release schedule based on the online monitoring informa-
tion. Both figures show that the system can effectively
analyze water quality. Fig. 5 shows that the measured
water quality remained well below the warning line (i.e . the
COD level at which additional water must be released 1o
maintain water quality at an acceptable level) in 2004 and
on 592003, but exceeded the warning line on 30/8/2005.
which indicates that water released from the environmental
reservoir during the first three periods was higher than the
amount required. and that some clean water was wasted.
The information provided by the wuater management
system thus supported a decision to reduce the amount of
water released. and the required reduction in witer flow
was thus obtained using hydrological-environmental mod-
eling. Water quality remained acceptable (ie.. COD
remained below the warning line) when water How was
reduced by 0.5m"s. Soon after this chunge, the trend line
for water quality produced by the simulation remained
gentle and  the release rate remained steady.
indicating that no new source ol water pollution had been
detected and that the assimilative capacity of the river
remained satisfactory.

However. on 30 August 2005, there was a sharp increase
in COD concentration in the river 20 km from the source of
the Liming River. This suggests that a pollution incident
occurred between monitoring stations #3 and #4 on the
river. A survey revealed that this spike in COD was caused
by an accident at the wastewater treatment plant in the
upper reaches of the river: wastewater Nowed directly mto
the river through a bypass valve. COD concentrations of
the outflow from the wastewater treatment plant during the
whole day are shown in Fig. 7. The accident lasted Tor 4 h.
during which time raw wastewater flowed directly into the
river. The results of the hvdrological-environment model-
ing suggested thal water low should be increased by about

water
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Fig. 6. Water release putterns from the environmental reservoir in 2004 and 20035,
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Fig, 7. €O coneentrations in the outliow from the wastewaler treatment
plant an 3 August 2005,

L.2m%s. and water quality in the nver was quickly
improved by increasing the water flow to this level.

6. Conclusions

This paper describes an online water qualily monitoring
and management system developed for China’s Liming
River hasin by combining an ANN-based model for
sensing COD levels with a virtual mstrument technique
and using hydrological-environmental modeling 1o char-
acterize the responses of the river to pollution loads and
changes in the flow rate. The goal was to maintain the

river’s water quality at a level compatible with the status of

Daging as o scenic resort area of China, Using this
approach. an optimal environmental water allocation was
aobtained. permilting a1 marked improvement in water
quality and rapid responses to pellution incidents. The
approach used a large guantity of real-time monitoring
data as input for the hvdrological—environmental model.
The results of this approach show that the svstem provides
an effective approach o control water quality for environ-
miental protection purposes.

Acknowledgments

We hank the WNational 863 High-Tech Research
Foundation of China (Grant no. 2003AA601090) for their
financial support und the journal’s anonymous referees for
their valuable comments on an early draft of this manu-

m:rl'pl_
References

Beck. MLB., 2005, Valnerability of water guality i intensively develpping
urban walersheds. Environmental Modellme and Software 200 (1)
N[ 400

Bempathapanune N Boyle, W10, Grawun, KTV 1997 Birary
encoded Znd-ditferentiad speclrometry using UV Vis speetral data
and penral nerwarks 10 the estimation of species tvpe and coneentra-
ton [FEE Proceedings: Scienve:. Measurement and lechnology 144
(29 73780,

Bhunya, P.K.. Miushra. S.K.. Berndtsson. R.. 2003, Approach o
confidence interval estimation for curve numbers. dowmal o Hydro-
logic Engincering ¥ {4). 232 233,

Bode: Ho Nusch, E2AL 1999 Advanced nver guality monitonng in the
RITHR Busin, Water Science and Technalogy 140 (10), 143-152,

Yauy et al [ dowrnad of Envirommentad Management 88 (2008 ) 318323

Char, C.Go L Mo Wang, Y ML 2004, Problems and suggestuons of wil
quality monitoring For accidental water pollution events {hing Wat
Resources 15, 52 33 (in Chinesey,

Chaw. KW, Chuntian. € L CW.L 20020 Knowledge manageme
system on How and water quality modelling. Expert Svatems wi
Applications 220 321 330,

Chen, Z.D. Chen, D.QL LL L. e al, 2003 Dynamic moniloring |
remote sensing technigues lor the Nood in Huaihe River in 2003 Chin
Watter Resources 120 26-25 (in Chinese).

Crassley. AL Wiaght, NoGr, 1997, Solution ol the Samt Venant equatio:
through the use of Riemann bused methods. In: The 27th Congress
the International Association for Hydriulic Research, San Mrancise
CAL pp. 204 209, -

Deng. LML 2003, The study on contwminated river bioremedidlio
Frovirenmental Science and Techinolosy S1. 35-537 (in Chinese),
Done. XoDo Zhow Q, Zhou, X1 2004 Technology und development o
pollution prevention and reatment on rivers amd lokes in Chin

Tournal ol Precious Metallie Geolagy 1. 27-30 {in Chinese),

Drage. BE. Upton. LEL Purvise Moo 1998 On-line monitering
mieropollutants m the rver Prent (LK) with respect o drinking wil
abstraction. Water Seience and Technology 38 (1170 123130

Grattan, KTV 1998 Waler quality monitoring — techuological adyay
tazes and potenial developments in the use of ibre aptic rechnolog
Water Science and Technology 37 (12). 247253,

Hill. T.. Marquez O connar, M., Remus. W, 1993, Artilicial new
network models for lorecasting and deasion making, Internation
Journal of Forecusting (3, 5 15

Hu, Y., Yuang, Z2Y., 2004, A simple chemiluminescence method 1
determinition ol chemied) oxveen demand values i water. Talan'
(Oxfard) 63, 321526,

Huang, G.H. Xia. J. 20001 Bamess o sustumable  wale
guality management. Journal of Erviconmental Manapeinent 61 (1
=23

Lee, C5. Wen, CuGr, 19900 Appheation of multi-abjective programimir
1o waler guality management in 4 river hasin, Jourmal of Enviros
mental Management 47, 11 26,

Lindemann, C.. Thummier, A 2003 Pertormance gnalysis of the gener;
packet radio service. Computer Networksdl. 1-17

Pindenschmidn, KB Hesser. 10B. Rode. M 2005 Integrating witl
guahts models i the loeh level architectiure (HLA) environmen
Advances in Geoserences & 3156,

Luis. P.GL, Jose. SAD., 2004, Hydrodvnamies and water qualit
medelling oo regulated river segment; application on the instrea
flow dehnition. Ecological Modeling 173, 197 218.

Meng. X 7.0 2002 The development and ypplication of remule sensin
amd €15 in Hathe river-basin. Hathe Wuater Resources 6, 40-48 (1
Chinese).

Mujumdar, PP, Saxenu, P 2004, A stochastic dynamic programmin
model forstream witer quality management, Sadhana 29 (3), 477 49

Ning., SK.. Chang, N.B.. Yang. L. et al. 2001, Assessng pollutio
prevention program by QUAL2L simulation analysis for the Kao-Pin
River Basin, Taiwu. Journal ol Enviranmentul Manugement 61 (|
676

Cuinn, NW.TL 2003, A decision supporl svstem for adaptive real im
management of seusonil lukes i California. Eaviromuental Modetlin
and Soltware 18, 303-311.

Rauch, W.. Harremogs, P, 1999 Genene algorithms in real time contrg
appliecd o minmuze transient pollution (rom urban wastewile
systems: Water Researeh 33, 1263 (277,

Richards, K., Sharp, Mo Arold, No, el al. 1996 An intesrated approae
to modelling hydrology and water gl e gloeerized citehment:
Hydrological Processes [0 (444). 479 308,

Stegel. P Mose. K., Ackerer. V. er al, 1997 Solwion ol 1h
advection diffusion t‘LrLluliUI'l UHiJ'I;_J a eombmation ol discontinuonr
and mixed finte, International Joornud for Numericil Methods 4
Fluids 24 (A}, 395-613.

Singlh VP Waoolhiser, 1AL 2002 Mathematical modeling of watershe
hvdrology, Jourmal of Hydrologie Engineerimg 7 (4), 270292,



W, Yang et al. [ dowrned of Environmental Management 88 (2008 ) 318 323

Soil Conservation Service, 1972, Estimation of direct runoff from
storm rainfall. National Engineering  Handbook. Soil  Conser-
vation Service. US Government Printing Office. Washington, DC
(Chapter 10).

Smith, R.E., Williams., J.R.. 1980, Simulation of the surface water
hyvdrology, CREAMS—a field scale model Tor chemical, runofl and
erosion [rom agriculture management system: USDA-Agricultural
Rescarch Service Conservation Research Report No, 26,

Tanner, AH., White, N.M., 1996, Virtual instrumentation: a solution to
the problem of design complexity in intelligent mstroments. Measure-
menl and Caontrel 29, 165 171,

Thoms. M.C., Swirepik, J.. 1998, Environmental flow management in
New South Wales. Augtralia. In: Harding. J.K.. Gilvear, D.G. (Eds.).
Hydrology in o Clinging Fnvirenment: Ecological and Hydrological
Interactions. Wiley. Chichester, pp. 281288,

)
{85
Ln

Toran. F.. Ramirez. D.. Navarro, A.E., et al., 2004. Design of a virtual
instrument for water quality monitoring across the Internet. Sensors
and Actudators B76, 281 285,

Xu. W.. Yuan. B.. Sun. S7Y. et-al. 2004, Progress of water pollution
remediation technigues in eity and town river. Journal ol Guangdong
University of Technology 21 (4). 8590 (in Chinese):

Yang. L. Lin. B.. Kashefipour. 8, M., ¢t al., 2002, Integration of w 1-D
river model with object-oriented methodology, Environmental Model-
ling and Software 17. 693 701.

Zuacharias, 1. Dimitrion, E. Koussouris. T., 2005 Integrated water
management scenartos for wetland protection: application in Trichonis
Lake. Environmental Modelling and Software 20 (2), 177185,

Zhao, W.Z.. 2004, The development and application of water quulity
automatic momtoring in Huanghe River. China Water Resources 7,
27-29 (in Chinese).



|aarnal AF

Environmental
Muanagenment

LLSEVIE

4

fad
-1

Journal of Environmental Management 88 (2008) 326

wwwelsevier.com/loeute jenvima

Environmental accounting as a management tool in the Mediterranear
context: The Spanish economy during the last 20 years

Pedro L. Lomas™, Sergio Alvarez', Marta Rodriguez, Carlos Monles

Luboratorio de Socio-ccosistemas, Dpro. Lcologua, of Darwin, 2 Despucho. C=200, Fdificio Biologu,
Fuenltad de Clenciay, Universided Autdvome de Mdrid, 28049 Madrid, Speain
Received 2 March 2006: received in revised form 6 February 2007 accepted 10 March 2007
Aviiluble anline 10 May 2007

Ahstract

Although human presence is one of the muin characteristics of the Mediterranean identity since ancient times. 4 false dinlectic betwees
conservation and social economic development has emerged in recent decades, On the one lind. an cconomic growth policy is taken w
the paridigm of social-economic development: on the other hand, there is a2 multi-scale conservation policy. m which natural protectec
arcas. as putches of preserved nature. are used as one of the main tools to deal with the challenge of sustainability. The Mediterraneat
Basim is the habital of muny unique species and one of the 23 main biodiversity hotspots in the world. and as a4 consequence 3 sirony
conservation policy has been used 10 protect environmental values: At the same time, Mediterrancan countries are deeply involved i
promotmg strong economi¢ growth policies. which are not always compatible with environmental ones. In (his paper, Spain has beer
studied as one model of this sitwation. Due to political reasons, Spanish ceononic growth and conservitionist policies were pursuec
together during the last 20 years. As a result, Spain owns one of the largest networks of natural protected arcas in Western Europe, ang
ut the same time it has experienced one of the strongest periods of economic growths in the European and Mediterranenn context during
the 1980s and 1990s. An histarical series of resource use in five annual periods in the last 20 years of conservation policy, und the effect:
on the preservation of natural capital have been investigated by means of the eMergy (spelled with an ‘m’) synthesis approach, which was
used to characterize the Alow of environmental services supplied by ccosystems. but not in monetary Llerms. This study shows that Spain i
becoming less self-sutficient and more inefficient in fesource use, comprehensively measured in eMergy terms. A large part ol Spain’s
cconomy depends: on imported goods and services. and most economic activities dre based on tourist services and associated
construction. which promotes intensification in the urban use of the territory and more intense environmiental impucts and resotirce use
intensification of those countries supplying the raw materials, The conscquence is a decoupling of the Spanish cconomy from locu
environmental services and the increase of Ecological footprint of Spain. measured by means ol eMergy-based indicators, In spite of the
imerease in number, ared and ussociated budget of the natural protected areas and other conservation measures, the general sustarnability
ol the nation is decreasing,
¢ 2007 Clsevier Lid. All rights reserved.

Kevwords: eMergy synthesis: Spain: Sustainabilivy indicutors; Conservation policy

ment). 2005) estimates that one third of the planet that has
heen altered for production purposes. This report shows
that 50% of freshwater from rivers and lukes is eventually
used by society, and that human activities produce more
biologically availuble nitrogen than all natural cveles
combined. Furthermore. this study estimates that 60% of
the 24 great global ccosystems are experiencing degrada-
tion. und that extinction rates are increusing from 100 to

1. Introduction
1.1 Background

The recent millennium ccosystem ussessment (MEA)
Svnthesis Reporl (MA  (Milleninum Ecosystem  Assess-
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LODO times over the average estimated lor geological time.
In addition. they found that up to 20% of known species in
many groups are disappearing. These figures are much
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worse han those calculated before MEA (Postel et al.,
1906: Vitousek et al.. 1086, 1997: Rojstaczer et al.. 2001),
and turn the ideas of “natural environment™ or “wild
nature’ as isolated areas without human participation into
a fantasy. [n this context. the concepts of Noosphere
(Verdnasky, 1945). a biogeochemical cycling entity domi-
nated by human influences. and Anthropocene (Crutzen
and Stoermer, 2000), a new geological era in which main
biophysical processes that control global dynamics (eco-
sphere) are driven by humankind. emerge.

From this perspective, one paradigmatic case is the
Mediterranean Basin, where relationships between humans
and other (living and non-living) components of ecosys-
tems can be traced to before Neolithic times (Grove and
Rackham, 2003), and where many of the original forests
had already been used 7000 years Before the Common Era
(BCE) (Makhzoumi and Pungetti, 1999). Naveh and
Liberman (1993) suggest that we should only speak about
cultural landscapes in the Mediterranean context.

In the Mediterranean Basin. 52% of plants, 30.5% of
vertebrates, 25% of mammals, 13% of birds, 61% of
reptiles and 52% of amphibians are endemic species.
Consequently, it is considered as one of the 25 most
significant hotspots of biodiversity, paradoxically located
in one of the most densely populated areas of the world
(Myers et al., 2000; Cincotta et al., 2000). It is generally
accepted that this ancient relationship between humanity
and nature. which is based on combined exploitation
systems (mainly agriculture, forestry and livestock) that
adapt human cycles to natural ones reinforcing ecological
processes, has promoted biodiversity and long-term
sustainability (Gonzalez Bernaldez. 1991: Pineda and
Montalvo, 1995; Schmitz et al., 2001; de Miguel and
Gémez-Sal, 2002; Garcia and Montes, 2003).

However. since the 1950s, increases in mechanized
farming, population growth and economic globalization
have radically changed ancient agricultural, forestry and
pastoral practices. Many socio-economic constraints, like
agricultural subsidies (mainly European Union Common
Agriculture Policy, CAP), rural-urban migration and
abandonment of traditional practices and land have
affected the historic agro-ccosystems (Grove and Rack-
ham, 2003; Mulligan et al., 2004). These changes are being
accelerated by the growth of commercial relations among
countries and their socio-economic consequences.

1.2, A case study Spain as a social-ecological system

Spain could be considered a typical case presenting the
characteristic pattern described in the previous Section.
Because of its location and its geological history. Spain is a
land of natural contrasts. especially lithologic (lime, siliceous
and claycy soils) and climatic ones (Mediterranean and
continental in the central-southern area, oceanic in the
north. areas of dry subtropical climate in the south-eastern
Spain, and specific climatic conditions on mountainous
areag all over the country). which create a great variety of

ecosystems, [rom deserts Lo Atlantic forests. Because of 1t8
history and location as a bridge between Europe and Africa,
in the Mediterranean framework. Spain is also a land of
social contrasts, With four different official languages
(Catalonian, Galician, Castilian/Spanish and Basque, the
latter being a non-Romance language) and many dialects,
Spain is organised into |7 regions and two autonomous
cities, each of them with its own government and institu-
tional framework. Although it is the fifth most populous
country in the European Union (ELI). and its population
density has grown considerably in the last century (from
36.79 inhabitants/km® in 1900 to 81.26 inhabitants/km” in
2000), Spain has the fourth lowest population density in the
FU. so it may validly be considered a relatively rural
country in the European context.

Similar to other European countries, many changes have
affected traditional exploitation systems in the last decades
in Spain. If we use the historical series of official statistics.
there has been a loss of cultivated areas (percentage of total
area has changed from 40.15% in 1980 to 35.43% in 2002),
and a relative increase of irrigated lands (from 13.76% of
total cultivated areas in 1980 to 19.35% in 2000). In
contrast, Spain has suffered an increase of 2.07% in the
item “other types”, which includes infrastructures and
cities (Ministerio de Agricultura, Pesca y Alimentacion
(MAPA (Ministerio de Agricultura and Pesca y Alimenta-
cion). 1991, 1998, On-line). In fact. road density reached
0.32km/km? in 2001 (Ministerio de Fomento (MFOM
(Ministerio de Fomento On-line-a), and road surface will
be doubled by 2020 according to the new Infrastructures
Plan 2005-2020 (MFOM (Ministerio de Fomento On-line-
b). There has also been an increase of 1.65% in forest area,
probably because of replacement of croplands by forests,
which has been favoured under the CAP to reduce the so-
called European Community's agricultural surplus. In
addition, energy use is growing (Ministerio de Economia
(MINECQO). On-line; IEA (International Energy Agency),
2003: 1997), and as a result greenhouse gas emissions have
grown 45% from 1990 to 2004. and Spain’s emissions arc
25.6% above the Kyoto Protocol agreements for the
country (European Environment Agency (EEA (European
Environment Agency), 2005; Observatorio de la Sostenibi-
lidad en Espana (OSE (Observatorio de la Sostenibilidad
en Espana), 2005). Furthermore. Spain has been trans-
formed into a country devoted to the services sector
(Tamames and Rueda, 2000), especially tourism and
commerce. This sector was responsible for 61.2% of
Spanish employment and 64% of the gross added value
in 1999 (INE (Instituto Nacional de Estadistica)). On-line:
MINECO. On-line), although it only involved 31% of the
working population and accounted for 45% of the
Gross Domestic Product (GDP) in 1960 (Cuadrado,
1999). In contrast, during this lime industry and agriculture
have declined in importance for the Spanish economy
(Cuadrado. 1999: Tamames and Rueda. 2000).

In addition, the Spanish ecconomy has created un
enormous pressure on aquatic ecosystems to satisty
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demand for water in a country where water is relatively
starce. This pressure is the result ol a policy based on
satisfying demand instead of controlling it (Arrojo, 2001).
Therefore. with a consumption of 3530m” of water/
inhabitant/ycar (Ministerio de Medio Ambiente (MIMAM
(Ministerio de Medio Ambiente), 2000). Spain is one of the
highest per capita water-consuming in 15 countries of the
EU (EU-13), It has the greatest number of dams per
inhabitant and per unit area in the world, with more than
1150 large dams (World Commission on Dams (WCD
(World Commission on Dams), 2000). Water use has

hecome more intensified. with more than 3400000 ha of

land under irrigation in recent years (Llamas. 2000).
Furthermore. it is estimated that there are more than 75
aquifers that are overexploited or have serious salinization
problems, 13 of which have been declared “provisionally
overexploited” and two “overexploited” under the Spanish
Water Act (MIMAM (Ministerio de Medio Ambiente).
2000). It is estimated that 60% of Spain’s wetlands were
already lost at the beginning of the 1990s (Casado and
Maontes, 1991). and 40% of rivers are polluted or seriously
polluted (Prats et al., 2000).

Degpite the changes and pressures of the last decades,
80-90% of EU-15 vascular plants can be found in Spain,
1500 of which are endemic in a worldwide context. and
more than 500 are exclusively shared with Northern Africa.
Spain is also the habitat to approximately 50% of the
fauna species in EL-15, with more than 7.5% endemic
(MIMAM (Ministerio de Medio Ambiente), 1999). Within
the EU context, Spain. among other Mediterranean
countries. is probably the region with the highest biological
diversity.

Due to political and historical reasons. Spain has dealt
with most of the processes of intensive industrialization
and transformation into a country dedicated to services
sector, common to Weslern European economies, in the
last 20 years. In lact, Spain has received considerable EU
funding for territorial cohesion. because a great part of its
territory has been considered as a priority area to be
supported economically within the EU. For these reasons,
Spain probably constitutes one of the best laboratories in
the Mecditerrancan world for assessing the effect of the
acceleration of societal growth promoted by globalization.
its effects on suslamnability and the success of different
strategies  of environmental management adopted by
governments.

1.3. Obhjectives

The mam objeetives of this paper are (1) to study
patterns in the use of environmental goods and services
flowing to the Spanish economy, and changes in these
patlerns over a historical series of 20 years in Spain, (2) to
show the changes in patterns of consumption and trade
that have promoted economic globalization in Spain in the
past two decades. and (3) to study the success of Spanish
natural conservation policies and managemen! during the

last 20 years. in relation to the preservation of (he natural
capital that maintains the Spanish economy.

2. Methods

To deal with trends of resource use in the context of
these objectives, within the general framework of Ecologi-
cal Economics (Daly, 1991: Goodland and Daly, 1906:
Costanza, 1997. Costanza et al., 1997: Martinez-Alier,
1999). a biophysical valuation of Spain by means of
eMergy synthesis (Odum. 1996: Hau and Bakshi, 2004:
Brown and Ulgiati, 2004) has been performed [or five
annual periods (1984, 1989, 1994, 2000 and 2002).

For the purposes of this study, Spain has been
considered as a social-ccological system, SES (Berkes und
Folke, 1998), comprised of its territories in the Iberian
Peninsula and the Balearic Islands, in the Mediterranean
Basin (Fig. 1). with a land arca of 498 476 km” (IGN
(Instituto Geografico Nacional), 1996). which constitutes
the second biggest country in terms of area in the EU. alter
France. Neither the Canary Islands nor the other Alfrican
territories of Spain have been studied, because of their
peculiar characteristics with respect 1o the rest of the
country (distance. singular eMergy flows. different eMergy
sources. etc.). To delimit borders, the continental shelf was
defined by the area between 300m of depth, and was
estimated by the Spanish Oceanographic Institute (IEQ)
staff as 74 037 km® (Fig. 1).

From the brief description of Spain in the previous
section. a fAow diagram (Fig. 2) has been drawn to
characterize the Spanish SES as a kind of system picture
or macroscopic view (Rosnay, 1979: Brown, 2004), allowing
us to model interactions between economic and ecological
systems in terms of eMergy flows, using energy symbols
from Odum (1994). Symbols have been used in accordance
with criteria [rom Odum (1996) (o represent the Spanish
environmental window or SES. Under these criteria,
symbols are placed on the diagram in order ol increasing
transformity (a measure of quality in eMergy terms. as
defined below), and consequently renewable sources and
ecological systems are placed on the left and cconomic flows
and components are placed on the right. An aggregated
diagram and three-arm diagrams for cach year of the study
period are respectively presented in Figs. 3 and 4. These
diagrams show explicitly the main input-output flows
described in the following sections. linking flows [rom
biogeochemical sources (sun. rain. earth cycle, tides. etc.) 1o
those of social-economic processes (industry, commeree,
imports, immigration, etc.) in order to provide environ-
mental and social services Lo Spanish society.

From the low diagram of Spain presented in Fig. 2 and
the summary of this. presented in Fig. 3, most important
flows and overview indexes have been caleulated for each
vear studied with the same methodology given by the
example shown in Tables 1(a-c). in order to obtain a view
of the Spanish social-ecological system dynamics over 20
years (Table 2), According Lo the usual eMergy evaluation
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Renewable
Sources

Fig. 3. Summary flow diagram for the main emergy flows in Spain.

procedure (Odum, 1996), the eMergy synthesis of Spain
proceeds as follows:

(1) Drawing a flow diagram of Spain as a system
(following the method established by Odum, 1996;
Tilley and Swank. 2003).

(2) Preparation of an eMergy evaluation table.

(3) Calculation of main flows, storages and unit eMergy
values or transformities.

(4) Discussion of the performance of main evaluation
indicators.

All the transformities used in this work are updated 1o
the new baseline (total contribution of eMergy to global
processes = |15.83E+ 24 sej/vear) recalculated in the year
2000 (Odum et al., 2000) by multiplying unit eMergy values
by |.68 (the ratio of the new baseline between the past one:
15.83/9.44). as it is suggested by Brown and Ulgiati (2004).

In the new baseline framework. under the most accepted
criteria in order to avoid double-counting (Odum et al..
2000), the renewable sources flow (R) for Spanish
social—ecological system has been calculated as the largest
inflowing eMergy ol renewable ones. To complete our data
for average wave height in 1984 and mean tidal range in
1984 and 1989, which were not available. an average
among other years has been used. To caleulate Real
Evapotranspiration (ETa) and runoff rate, an average ETa
(67.84% of average annual rainfall) and runoff (32.16% of
average annual rainfall) rate ealculated for Spain (penin-
sular and Balearic Islands) for 55 years by MIMAM
(Ministerio de Medio Ambiente) (2000) have been used,
Taking the Mediterranean nature of Spain into account,
mature vegetation (orests are assumed to have little net
gain or loss of topsoil and it has been considered that
harvested lands are net soil-losers. Thus, only the erosion
rate in cultivated areas has been used to calculate topsoil
energy contributions.

GDP at market prices has been used to calculate the
eMergy-money ratios: although the use ot Gross National

Product (GNP) is very widespread. GDP instead of GNP is
used to measurc the economic activity within Spain
regardless of the producer’s nationality, following criteria
used by Cialani et al. (2005) in order to avoid problems of
measuring economic activity in eMergy terms.

In addition, previous eMergy synthesis data for Ttaly
(Cialani et al., 2005) and a worldwide investigation of
national economies (Brown, 2003) are used for comparison
with other national economies and. especially, with the
Mediterranean and European context of Spain (Appendix
A and B).

3. Results
3.1, Muain sources of the Spanish SES

In accordance with the system picture of Spain (Figs. 2
and 3) and the consequent calculations shown in Tables
l{a-c). main flows introduced to the Spanish social-ecolo-
gical system (SES) for the studied years are represented by
Fig. 5a and summarized in Table 2.

Total eMergy actually used (). as potential investment
in eMergy vield of the country, increases with an average of
3.77% annually with a peak in the first period (7.00%
annually). except in the period of 19891094, in which it
decreases 0.65% (Table 2).

Renewable eMergy flow (R) introduced to Spain is
approximately unchanged at this temporal scale (Fig. 5a).
although the Mediterrancan nature of Spain is clear in the
strong interannual variability of rain. especially in 1994,
which was the last drought period of the 20th century in
Spain. eMergy from waves, tides and rain (chemical
potential) ure the largest individual flows among renewable
sources [or Spain. representing 6.09E + 22, 5. 66E +22, and
4.62E + 22 sej/year, respectively, After these flows, the rank
of the natural renewable drivers of the Spanish economy.
according to solar emergy flow, was: the earth cycle, solar
radiation absorbed, and kinetic energy of wind.
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1979 1st elections under
nowadays regime

1984 Industrial retraining of —— |
80s

1986 Spain joints EEC

1989 Approval of Law 4/1989
about natural protected areas
and nature conservation

1992-1993 CAP agro-
environmental reform,
European Monetary System
crisis, Maastrich Treaty S0
ratification, Habitats Directive :
of EU

2000 Lisbon Strategy

2001 Nize Treaty

2002 Euro enter info
circulation

Lig. 4. Summary three arm flow diagram for the muin lows in Spain co

Participation of non-renewable eMergy flows [rom local
Spanish sources (V) has increased from 5.09F + 23 sej/year
in 1084 to 8.47E 4+ 23 sej/year in 2002, although the annual
increase rates have been reduced from 7.72% annually in
the period 1984 1989 to 6.02% annually in the period
20002007 (Fig. 5a). Construction raw materials. like clay.
calcium carbonate, sand and gravel are the largest
individual N Hows.

Table 1b lists main imported inputs in terms of eMergy
flows (IMP) for 2000 in Spain. IMP eMergy How has
imereaged from 381 E 423 gej/vear in 1984 1o 1.O2E + 24 sej/
year in 2002, Oil could be highlighted among the most
important imported goods and services eMergy flows, as it
involves from 21% to 16% of total eMergy used in 1984

IMPORTS

(FL+MI+GI+8S1)

3 B1E+23 sejiyr

SOURCES I
(RN, EN,#N)
5.65E+23 sejivr
—  YIELD
— 1984 (NZAEXP)

2.99E4+23 sej/vr

il

-

IMPORTS
(FIHMI+GIHSSTY
5.58E+23 sejlyr

SOURCES
(RN, N +N,)
7.66E+23 sej/yr
—_ —s  YIELD
(NIZHEXP)

1
989 3.03E+23 sej/yr
IMPORTS

(FI=MT+G1+S81)
(‘ 6.70E+23 sejiyr

—p-VIELD (N2+EXP}
4.33E+23 sej/yr

SOURCES
(RFNFN AN

6.07TE+23 sejlyr

- 1994
IMPORTS

(FIEMI+GT1+88T)

9.47TE+23 sej/yr
SOURCES l
(RN N FN)

8.15E+23 sejiyr

=i YIELD (N2+EXF)

— 2000 5.43E+423 sejlyr

+-

— 2002

b

atrasted with some of the muin socio-cconomic events of the decades studied,

IMPORTS
(F1+M1+G1+581)
SOURCES 1.02E+24 sej/vr
(RAN AN EN)

9.0TE+23 sejiyr

YIELD
(NI+HEXF)

5.69LE+23 sej/yr

2 n—

and 2002: worth mentioning are also leather and leather
products. textiles, mechanical, transport equipment. and
the increasing importance of natural gas and coul. In
emergy Lo money terms, imported goods have become the
mosl important item in this category. Among the exporl
eMergy flows (EXP) could be highlighted petroleum-
derived products. minerals and mechanical and transport
equipment. In emergy to money lerms, eMergy flows
related Lo services exported, in general, and particularly
tourism, are increasing as a result of the tourism model
introduced in Spain beginning the 1960s. As Table 2 shows.
eMergy flow of exports has decreased in relation to IMP in
the studied period (IMP/EXP index increases [rom 1.42 in
1984 to .87 in 2002).
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The percenlage of R involved in U decreases 50% (from
7% to 3%) during the 20 years examined (Fig. 5b), so [7is
increasingly supported by IMP and N. with a growing
role ol concentrated eMergy sources (N,) (concentrated
against rural eMergy index grows from 13.64 in 1984 to

29.67 in 2002). and the increase of the relative weight of

IMP, exceeding N in 1989-1994 period (Fig. 5a). This
increase in IMP results in decreased self-sufficiency
(fraction of eMergy actually used derived [rom home
sources decreased from 39% to 46%; Fig. 5b) for Spain,
excepl in the last period, where there is a relative increase
of Ny in U, so self-sulficiency is maintained. In this regard.
Spanish dependence on imported enerey sources is still
increasing strongly, and more than 21% of U is imported
oil in 1984 and 16% in 2002. so the purchased (non-lree)
component of the total economy is becoming more
important, supporting the growth of the economy (Fig. 5a).

3.2. Some factors of scale 1o understand eMergy indicators

Taking into account the population factor of seale, the
evolution of the potential standard of living in eMergy
terms or eMergy use per capita shows an increase (Fig. 6a).
although the growth rate of this indicator has continuously
decreased from 6.69% annually in the 1984-1989 period to
2.68% in the last one. with the exception of the 1994-2000
period, in which it decreases (0.80%.

Taking into account the economic size factor of scale in
terms of GDP, the average eMergy which is mobilized per
monetary unit or the buying power in the Spanish SES
(cMergy to money ratio; EMR) has decreased an average
of 2.37% annually throughout the studied period (Fig. 6b).
although this indicator experienced an increase of 3.48%
annually in the period between 1994 and 2000.

Taking into account the territorial size [actor of seale in
terms of the Spanish SES area. territorial intensity of the
eMergy actually used or Empower Density (flow of eMergy
per unit area and time) has increased (except in the
recession period in 1989-1994) in absolute terms, at an
average annual rate of 3.77% over the whole period. but
the annual growth rate within periods has decreased from
the 7% annually in 1984-1989 period to 3.23% in
2000-2002 (Fig. 7c). If we consider that the Spanish
economy is increasingly dependent on imports and non-
renewable sources, territorial intensity of eMergy use
depends mainly on the non-renewable fraction of Empower
Density (96-97% of total Empower Density is non-
renewable; Table 2), especially the imported fraction.

3.3, Interaction of Spanish SES with other svsiems

If the eMergy flow associated with imports and its
significance was taken into proper account. the issue of
trade would become crucial for Spain from an eMergy
point of view. The most important component in the flow
of purchased goods and services is the one for fuels and
electricity.
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An important aspect of trade is highlighted by the
EMergy Exchange Ratio (EER, Le. the ratio of EMR of
Spain to EMRs of trade pariner countries or the global
cconomy), which shows the relative advantages and
disadvantages for Spain in its international trade of
products and resources. The EER for Spain with respect
Lo the global economy has increased from 0.33 to 0.64 in
the studied period, with a decline between 1994 and 2000
(Appendix B).

Furthermore. we can use macroeconomic value or
eMergy price (emprice] (o study the amount of eMergy
received per monetary unit invested. As we can see in
Tables [(a—c). the highest values in renewable sources
are related to waves and tides. with 1.97E + 10 emS/year
and 1.83 em$/vedr in the 2000, respectively: in non-renew-
able indigenous sources, those of calcium carbonate
and sand and gravel, with |.06E+ 11 em$/year and
443E -+ 10em$/year in 2000, respectively: oil and petro-
leum-derived products in imports, with 9.71E— 10¢mS$/
year; and textiles and mechanical and transport equipment
i exports, with 2.36E+ 10 and 2.62E+ 10cmS/year,
respectively.

3.4 The appropriation of eMergy by the Spanish SES

To get information about the appropriation of resources
by the Spanish system (Raugei et al., 2004), a comparison
of U with emergy purchased by the national ¢conomy or
eMergy vield ratio (EYR: Fig. 7a) has been used. The EYR
decreases an average of 0.90% annually (except in the last
period 2000-2002. in which it increases 0.52% annually)
because Spain shows a growing pattern of energy and
matter consumption, which is imported to produce goods
and services. and this increase is higher than the growih
experienced in the use ol N and R.

Regarding the non-renewable and purchased re-
sources used to produce the yield in relation to these
renewable sources. the environmental loading ratio (ELR;
Fig. 7a) 1s used 1o obtain information about economic
pressure on ccosystems and their functions as suppliers of
environmental services lo society. The ELR increases
during the whole period of the study (except in the
recession period of 1989-1994), especially in the first part
of 1984-1989 (with a growth rate of more than 6%
annually) and 1994-2000 (with a growth rate of 5.14%
annually).

Both indexes can be combined to evaluate the compe-
tence of transformation processes (the ability of foreign
and national economic investments to exploit local
resources or the return on eMergy investment) in relation
to the pressure produced on the environment (relative
weight of non-renewable and purchased sources in ),
which is called the eMergy sustainability index or ESI
(Brown and Ulgiati, 1997: Ulgiati and Brown. 1998).
Under a local social-ecological perspective. ESI decreases
continuously (Fig. 7b). 5.15% annually in the period
19841989 and 3.99% in the 1994-2000 period, because the
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Tuble 1h
Emergy impotts for Spanish social-ccolomen! system in 2000

Led
e
0

Llnit Amount 20010

Trans. (scj/ Ref. trans® Emergy 2000 Nacroeconomic

{unit/ year) unit) (se]/veur) vitlue 2000 (emS/
VEAT)
40 Oil and petroleum-derived Jivear 332E LIS W06k 04 A 3.00E +23 U 43F 10
products”
4 Coal” Jiyear 5.56E+17 6.7VE + 04 A IT3EAD LATE L0
42 Naturul gas® Jyyear 6ATE+17 K.OSE +04 A RR g g s 1L64E +10
43 Electriciy® I year 4.44E | 16 336E+05 A L.49L+ 22 4.68E+0Y
44 Agrienlture and forest Livear 451E +l6 LTSE+03 A THIE + 21 248E 09
products”
43 Livestock and products’ diyear 4.85E-+ 15 3.33E +006 A 258E-+22 STTE+0Y
46 Food mdustry products® g/vear THe4E -+ 12 3.36E+05 A 2STE+ 1R 806 +05
47 Fishery products” Myear S4M4E+15 A3GE +6 A 1.B3E+ 22 5. T4E+09
48 Metallic minerals’ goyear 1 14E 113 LL6RE+09 A 1.92E+22 GAOTE 08
44 Non-metallic pinerals® 1.20E+ 13 1L6SE+ 09 A U2 EH22 6.34F +(19
Si} Steel and pre iron® 1.7T9E +13 3A9E 09 B bl E+22 2ABE 10
51 Metallic minerals (produets/ 1B 4812 LASE 1 09 A 213E+2 6.69E + 05§
allovs)”
52 Mechanieal and transport o.year T.O3E 12 LIZE+ 10 A TAE+F 2AYE 10
cquipment”
53 Industrial minerals® @iyenr 1.73E+12 LOSE |+ 09 A 294k ~21 G23E =08
34 Leather and products’ Fiyear $A4TE+ 13 | 44E+ 07 A 6.46E - 22 203E 10
55 Textiles' Jiyear 1.91E+16 6.38E+ 06 A L A2E = 23 IBIE-10
56 Wood and products* Joyear GA9E +16 SROE 4 A N¥E=2] |69 E— (08
hif) Paper® aivedr 5. 38E+H 12 6, 35E+09 A I49E 22 J10E=10
S Chemicils® oivedr J9F+ 13 638 08 A RAYE =21 LT9E 09
59 Rubber® giyeuar 8.85E+11 T.22E +09 A 6.39E - 21 2OIE-09
il Total poods associated (o 5 ILS1E + 11 |.8SE+12 o 2.80E + 23 SEOE-10
imporl‘s"
61 Totul services associated Lo S LHOE—10 LESE+ 12 o 481 E+22 1.31E = 10
tmports (without tourism)’
62 Total money associated (o 5 3.5LE—09 LESE+ 12 &4 LGIEL22 3.20E -09

Lourism services imports'

“Gee lootnotes in Table la.

Qi amd  petroleam=derived  prodiecess T92E+ Tloe (IEAL 2003). energy = (toe)( LOOE +7 keal toe) 41860 keal) = (7.92E 1 7 loe)t LOOE + 7 keal!

Loe)d 186 Vkeal) = 3.32E + |8 Jivear.

W oal: 1.33E + Troe (IEA. 2003). Energy = (toe) 1.00E + 7 keal toeitd | 867 keal) = (1.33E+ 7 toe) (1LOOE + 7 kealitoe) (4186 0 keal) = 5.36E | 17 veur.

“Nutral  gaye 1L33E 0 Twe  (IEA.  2003).

6.47E 17 Vivear,

energy = (tac)(1LOOE+7 keal toeN41861 keal) = (1.35E+ T toe)

(1.00F =7 keal toei4 186 1 ikedl) =

*I'L-‘.?e'c-n'.r't'fr_r: LOGE + Groe (TEA. 2003). energy = (toel LLOOE + 7 keal toe)(4186 ) keal) = (1L.O6E + 6 toe) (1L.OOE + T keal/ toe) 4180 keal) = .44 — 16/

Ve,

Sdgricrture and fovest products: 1.5+ 132 (AEAT. On-line). energy = (L.34E + 13 2)(0.20)(3.5 kealig) (4186 ) 'keal) = 4.51E | 164 /vear,

Livestock and products: 1LOSE + 12 (ABAT. On-ling); energy = (LOSE + 122)(0.22)5.0 keal /g)(4186 ) 'keal) = 4.85E + 15 year.

"Fighery products: 1.18E 1 12g (AEAT, On-line), energy = ([LIBE+ [22)(0.22)(5.0 keal/g)(0.22)(5.0 keal/g)(4 1860 'keal) = 5.44E 1 151 vear.

Leather and producty: 283E +11 g (AEAT. On-line). energy = (matter)(13800 0 '2) = (2.83E + 11 g) (15800J1g) = 447E + 151 year,

'Teatites: 1.21E 1 12 (AEAT, On-line). Energy = (matter)(13800J/g) = (1.21E + 12¢) (15 800 Lg) = 1.91E+ 16 J/vear.

" Wonds and products; 6 10E+ 12 g (AEAT. On-line), Energy = (matteri( 158000 g) = (6. 10E+ 122) (15800 T:g) = 9, 19E + 16 1iyear,

EFoad industry products. metallic minerals, non-metallic minerals. sleel and pig iron. metallic minerals (products and alloys), mechanical and transport
cquipment, industria] mincrals, paper, chemicils and rubber (AEAT. On-linc).

"Fotal goods associated to imports. tolal services associated 1o imports (without tourism). totil money ussociuted Lo tourism from BDE (On-line-u).

relative importance of the flow of renewable eMergy

sourees is reduced.
3.3 Currving capacity of the Spanisfi SES
[n eMergy ferms, carrving capacity may have two main

approaches (Fig. 8): a people-based one (more similar Lo
the classieal concepl ol earrving capacity). linked to

number of people supported by eMergy used (Odum.
1996; Campbell. 1998). and an area-based one (similar to
ecological footprint), associated to support area needed 1o
maintain the standard of living of people (in terme ol
eMergy use per capita) (Brown and Ulgiati, 2001). These
two approaches could be applied to both *
and “developed™ scenarios. The renewable scenario would
be a lower limit, bused only on rencwable flows, and the

‘only renewable”
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Table 1c
Emerpy exports and seleeted produets for Spanish social -ecological system m 2000
Unil Amount 2000 (unit’ Trans. (se)/  Ref. Trans.*  Emergy 2000 Macroceonomic
yeur) unit) {seivear) vilue 2000 (cmds
venr)
Exports
63 Petroleum-derived products” Jiyear JNTE+1T 9.06E 04 A IRTE+22 Y2E+-09
04 Coul® J/year J26E+ 16 6.71E+04 A 1.52E 21 4, 76E 08
A3 Fleetricity® 1/vear 238E+16 3.36E+05 A B.O08E+21 273E 09
8 Agriculture and forest products’  J/year 342E+ 16 1.78E+ 03 A F9RE+2I | &8E+09
67 Livestock and products”® ) year DYTEL+15 533E+06 A = 1586422 4 9TE-+(9
68 Food industry products' oyear 5.35E+12 I3IGE+05 A LBOE+ 18 SOSE+H03F
69 Fishery products® Jjyear JOTE+15 3136E+06 A 103K +22 31 24E+09
70 Metallic mineruls” g/year Q93E+11 L6SE+09 A LL67E +21 S4E L 08
71 Non-metallic minerafs' alveir 1278+ 13 |L6KE +09 A 214E+22 0.71E+ 09
T2 Stcel and pig iron’ g/year TS0E+12 3O9E 409 B TTTE+22 N.GUE 400
73 Metallic mmerals (products, o/ vear 8.80E+ 11 LBRE+09 A 1ARE +21 4.64E 1 08
alloys)'
74 Mechanical and transport g/year TZIER12 LI3E+ 10 A B.A2E+ 22 255E-10
equipment’
75 Industrial minerals' g/yvear BO0E+12 LORE— 08 A |.34E+22 4 22E+09
76 Leather and products” Yyear 212E+ 15 L44E + 07 A J0AE +22 U.61F +09
77 Textiles' Tivear LI4E+ 16 6.38L + 06 A T.30E+22 229E+ 10
78 Woaod and products! I/year 1.96E+ 16 S.86E+ 04 A 1LISE+2] 3b61E-+08
79 Paper' a/year 2I9E+12 6.55E 109 A 1.83E 422 S.74E+ 09
80 Chemicals’ givear QILE+12 G.38E+08 A S82E+21 L.83E+09
81 Rubber’ @/yedr 6.65E+ 11 T.22E 409 A 4.80E+21 1L3LE+09
32 Total goods associated to exports® $ LL17TE+11 JO09E+12 I 361EH423 ==
a3 Total services associated to b ] 228E+ 10 JO9E4 12 I T.06E+22
exports (without tourism)®
84 Total money associated to lourism § JAZE-10 INPE+ 12 F 9.66E + 12 —
services exports®
Selected prodiets
b Population 2000 Inhabitants  3.99E+7 4.35E+ 16 I | 73E+24
g6 GDP 2000™ S 5.62E+ 11 J09E+12 F 1.73E+24 —

“See fooinotes in Tuable lu.

YPetrolenm-derived  products; TSTE+6roe (IEA. 2003). Energy = (toe)( LOOE+ 7 keal/toe)(d 186 ] /keal) = (7.5TE 4 6 tae)( LOOE + 7 keal/toe)(4186 J;

keal) = 3ATE+ 17 Fiyear,

"(‘r;{m’: SA0E+ Stoe (1EA. 2003), Energy = (toe)(1L00E + 7 keal/toe)4186 T kcal) = (5.40E + 7 1oe) ( LOOL + 7 keal/toe)4 186 T keal) = 2.26E — 16 Jiyeur.
“Electrieity: 6.7T3E + 35 toe (IEA. 2003), Energy = (toe)(|.0DE + 7 keal toe)(4 186 1 /keal) = (6,73E + 5toe) (1.OOE+ 7 kcal/loe)(4186 J/keal) = 2.82E + 161/

yeur,

gricultre andd forest produets: 1 1TE+ 13g¢ (AEAT. On-line), Energy = (1.17E+ 13 g)(0.20)(3.5 keal/g) 4186 1 /keal) = 3.42E § 161/ year.

“Livestock and products: 6.46E+ 11 g (AEAT, On-line), Energy = (6.46E + 11 g)(0.22)(3.0 keal/g)(4186 T/ keal) = 2.97E + 151 jvear.

EFishery prodicts: 6.6TE+ L1 g (AEAT, On-line), Energy = (6.67E + 11 g)(0.22)(3.0 keal/g)(0.22)(5.0 keal/g)(4186 ) keal) = 3.07E + 15 Jjyear,

“Leather and products: 1.33E + 11 g (AEAT, On-line), Energy = (matter)(13 800J/2) = (1.34E+ 11 g)(15 800.Jyg) = 2. 12E + 15 Jivear.

"Textifes: 7.24E+ 1 1g (AEAT, On-line), Energy = (matter)(15 800.0/g) = (T.24E+ 11 g)(15 800 J/g} = L.I4E + 16 J{vear.

"Woods and products: 1.30E+ 12 (AEAT, On-line). Energy = (matter)(15 800J/g) = (1. 30E+ 12g) (15 8001/5) = L9GE + [61)yeur.

"Food industry products. metallic minerals. non-metallic minerals. steel and pig iron. metallic minerals (products and allovs). mechanical and transpor
equipment. industrial minerals, paper, chemicals and rubber (AEAT, On-line).

“Total goods associated to exports. Total services associated o exports (without tourism). Total money associated 1o wursm [rom BDE (Banco de

Espaia), 2006,
'Population from INE (On-line),
MGDP from UNSD (On-linej.

developed scenario would be an upper limit. based on
actual eonditions.

If a people-based approach o renewable carrying
capacity for Spain is employed. the population that could
be supported only with renewable sources shows a decline
of 50%. shifting from values of 6% to 3% of the actual
population, caused by the relative decrease in the use of

renewable eMergy flows in relation to local non-renewahle
or imported flows.

When using the people-based approach for developed
carrying capacity, Spain is considered embedded in the
European or the Mediterranean contexts. The Mediterra-
nean context implies the use of the traditional ecological
knowledge accumulated during centuries of adaptive
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a learning Lo couple the Mediterranean natural perturbation
e A g regime \_\r‘ith the hulmiﬂ :dr‘:ti\.r-itie,u. although p_ﬁ.ﬂ:s;ihilities ol
23 15 L ceconomic growth are limited by the connections between
0 W L ;
%3 10 e i e the economy and the flow of environmental services that
ig HE® z;_—_—_—_—_t’:i“:—xif——“" Mediterranean ecosystems supply to Spain. The Furopean
Wis gl e . o —— context implies the increasing use of international trade (o
1984 1989 1994 2000 2002 supply goods and services [or the national economy. so
Year there is a growing disconnection berween local flow
[—+— Renawabla saires & Lol nom-renewable sources ol environmental services and the national cconomy.
—+— latalimporteg entorgy. k- Eeonomiccomucnant af smergy uses Potential possibilities for growth arc higher for the
—a— Tomal amergy s — . "
European context but it means a disconnection between
b the use of energy and materials and the supply of local
0.70 4 environmental services and a loss of resilience as a result,
0.60 P To estimate a benchmark standard ol living (ratio ol the
s L . " ¥
0.50 e — g total eMergy actually used to the renewable one) for
0.40 = * those two regions, we have used data contained in' Brown
0.30 (2003) and Cialani et al. (2005) for 14 Furopean and
0.20 five Mediterranean countrics in the 1990s. which arc
0.10 e o = 511@1‘11;1r12ed in Appendix (._‘ ‘
0.00 - 3 Il we assume that the Western European standard ol
1684 ee 1994 2000 2002 living is the correct one. we use the developed carrying
Year
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Fig. 3. Muin emergy flows in the Spanish social-ecological svstem: (a)
tota] emergy actually used und its components and (h) main relations
among companents,

cupacity with the European Standard of Living (ESL)
as the upper limit. The developed carrying capacity
at the European standard of living is above present
Spanish population in the periods rom 1984 to 1994,
This means that there was a margin for growth that has
been exceeded in the period 1994 2000. in which the
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population supported was 84% ol actual population n
2000. In the case of the Mediterrancan standard of living,
we use the developed carrving capacity at the Mediterra-

1994 2000 2002

Year

2002: (o) emergy vield ratio and environmental loading ratio. (b) sustamability index and (¢} empower density.

nean Standard of Living (MSL) as the upper limit. We
have to take into account that it has been calculated with
data from only five countries. which was all the available
data in the literature for the Mediterrancan Basin. The
number of people supported decreases from 88%, (1984) to
43% (2002) of the respectlive actual population lor these
vears, [t means that the Spanish standard of living had
already exceeded the Mediterranean one in the middle
1980s. so 1I" Spain wants to maintain the Mediterranean
way of life. which it has experienced so far. Spain has to
reduce its eMergy consumption per capita.

If the support area-based approach is used for renewable
carrying capacity. the area that we would have lo use in
order to maintain the Spanish stundard of living with only
rencwable sources 1s 15 (1984) to 30 (2002) times the actual
arca of the country. This illustrates a doubling of the
renewable ecological [oolprint due Lo the strong growth
experienced m recent decades.

To estimate the support arca-based approach
developed carrying capacity (sometimes called synchronal
support area). we have to caleulate ELR (Appendix C the
reference region (Mediterranean or European). We use the
same sources that the previous people-hased approach to
calculate Mediterranean and European regional ELR for
l4 European and five Mediterranean countries n the
1990s, summarized in Appendix C. If the standard of living
of the European region is employed as a reference, our
territorial margin. in terms of the area of Spain that
remains after using our territory to reach Buropcan ELR.
is decreasing. because synchronal

for

Hupporl ared I"IE\S
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increased from 37% of actual area in 1984 ta 78% in 2002.
In contrast, il the Mediterranean Basin is emploved as a
reference regional ELR. the increase in support area
needed to equal our actual ELR to the Mediterranean
regional one was growing from the 88% of the actual area
in 1084 to 185% in 2002,

4. Discussion

4.1, Patterns in the supply of environmental goods and
services flows to the Spanish economy and its changes

Spanish eMergy use. U. has similar values to other
western countries (Appendix A), Compared with popula-
tion size, U significantly increased over the investigated two
decades. As a result, the Spanish standard of living in terms
of resources use has increased (eMergy per capita). Spain
ranks within the group ol highly industrialised countries,
although still below the average level of several European
countries (Appendix A). The particular decrease in eMergy
usc per capita that took place in the 1989-1994 period may
have been affected by the recession of the European
Monetary System from 1992 to 1993, which caused the
peseta (the Spanish currency at that time) to leave the
Exchange Rate Mechanism ol the European Monetary
System in 1992, Three devaluations of the peseta took place
hetween 1992 and 1993 (Gadea, 2000), causing strong
disturbances in the energy and materials required and in
economic growth levels within the nation. This indicator
coincides with the increase of energy use and lotal material
requirements emphasized in the f{irst sustainability report
for Spain (OSE (Observatorio de la Sostenibilidad en
Esparia), 2005).

This situation could be considered as a case of inflation
in eMergy terms, therefore, more money circulating for the
same cMergy. However, we have Lo lake into account that
the study has been done during some of the years involved
in increasing monetary inflation periods for Spain
(1987-1989. 19982000 and 2001-2002). despite the
decreasing inflation rates during the last two decades
(Fig. 6d). It will be necessary to study more years to avoid
accounting for only inflation-peak years,

As a consequence, there has been an intensification of
translormation activity on the territory (empower density)
and an increase of pressure or stress on ecosystems
due to production (environmental loading ratio). Spain
reaches ELR values close to those of the USA or
Switzerland for [999. This process has been supplied by
flows of matter and energy mainly based on imports of
external energy memory, thus, Spain has become less
autonomous (sell-sufficient). especially with regards to
fuels. As a consequence. there has been a loss in the
potential contribution of local eMergy sources to the main
economy (eMergy yield ratio), because growing amounts of
resources have to be imported to support the growing
Spanish standard of living. In the international context. the
Spanish EYR is within the range ol EYR for European and

other western countries. The result is that the Spanish
ESI decreases because of the growing pressure on
ccosyslems derived from the intensification of the
cconomy related to its high dependency on external
eMergy sources. added to the relative low contribution
of local eMergy sources 1o production. The ESI change
rate has to be emphasized, especially in the mid-1990s.
In the international context. there are many countries
which show higher ESI indexes than Spain (Appendix B).
but because of different causes. There are countries
which have an extreniély low value of eMergy use per
capita. with a high use of locally available renewablc
resources. which sometimes could mean potential wealth
not adequately used. and others with a low value of
eMergy use per capita, but with a high use of non-
renewable sources. This could be the case of countries like
Bolivia. Kenia. India, ¢tc. Spain shows (he patterns of a
western country. with a small ESI derived from its high
IMP and N flows. but still with higher values than most of
the European countries, as a result of the relatively late
incorporation into the European Union (Fig. 4) cconomic
and consumption patterns.

4.2, Patterns of trade in the context of economic
globalization

As we have seen, the IMP has become by Far the most
significant eMergy flow in the Spanish economy. and so
trade is a crucial aspect (o the study of Spain as a
social ecological system. In classic and environmental
economic assessments ol trade employed to supporl
decision-making, the predominant approaches are mone-
tary ones, with a user-side wvalue approach. In (hese
approaches, economic policy 1s reduced to the balance of
payments, and value is measured by what is considered to
be the best indicator of utility: price. In this sense, in the
official statistics on foreign trade {or Spain for every year
studied. the countries mainly involved in trade exchanges
with Spain in monetary terms are those of the European
Union and the Organisation for Economic Co-operation
and Development (OECD), whose economies are mainly
based on manufacture exports. As a result, Spain could be
considered within the group of countries reaching a kind of
dematerialization, growing without an increase in matter
and energy use. but with some problems in the balance of
piyments.

On the contrary. in a donor-side value approach. as
provided by eMergy Synthesis, the concept of value is
related to the work done by nature lo produce environ-
mental goods and services that support the economy. In
¢Mergy synthesis, value is related to the energy memory of
these environmental goods and services. And. in this case,
buying power is not estimated by price but by the EMR or
eMergy potentially bought by one monelary unit. There-
fore, the origin of the main imported eMergy flows (or
Spain is the oil and natural gas extracting countries
(Nigeria, Algeria and some Middle Eastern countries),
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whose economies are mainly based on raw materials
exports. As a resull, Spain could be considered as a net
importer of raw materials, with a high increase in the use of
energy and matter, promoting a kind of false demater-
ialization by moving the environmental loading required by
its growth to countries that supply raw materials (Mur-
adian et al, 2002; Ramos Martin, 2001, 2003; Canellas
et al., 2004; Carpintero, 2005).

A comparison of EMRs (or buying pewer in eMergy
terms) for different countries o the global EMR (Appen-
dix B) or EER shows that there are differences in the
relative buying power of different countries, so in the
commerce trade with raw materials exporting countries.
Spain commerce with an eMergy advantage in these
product cxchanges, In these terms, there is a natural
decapitalization of supplier countries. promoted by the
organization of trade. international division of labour,
and economies of scale related to the export of primary
sources by developing countries and the import by
western  countries. In this context, Spain, like other
industrialised countries, is promoting natural decapitaliza-
tion and poverty in the supplier countries with trading
disadvantages in eMergy terms (those which have an
EER smaller than our EER). This is another example
ol what Brown (2003) calis resource imperialism. On the
other hand, Spanish EER is below the value ol most
western countries (Appendix B). and therefore many
of them have eMergy advantages in trade relations with
Spain.

Thus. the greatest part of the pressure, in terms of non-
renewable stocks of resource depletion or exploitation, is
transferred to the exporting countrics (they have to use
their own resources and processes to satisfly Spanish
demand). These resources are used to exploit and develop
the importing country beyond the possibilities that a
renewable economy would provide Spain, promoting a
decoupling ol the Spanish national economy from the flow
of local environmental goods and services (natural capital),
and the limits that this imposes on the local growth of the
importing country.

4.3. Decoupling between national flow of environmental
services and the Spanish economy

The Mediterranean standard of living has supported
an agricultural way of life for more than eight millennia.
This fact might intuitively be interpreted as a measure
of the sustainability of this way of life (Butzer. 2005).
In the last 40 years, many economies, especially in the
northern part of the Mediterrancan Basin have become
disconnected from this ancient way ol life: that is,
disconnected from the goods and services that their
territories supply. In the present. the standard of living of
these countries is mainly supported by imported flows of
goods. As we have seen from the eMergy indicators, the
strong growth of the Spanish standard of living (eMergy

per eapita) has been mainly supported by imports of
primary resources (high content in eMergy and a low
monetary value). promoting a disconnection between the
original flow of environmental services and the require-
ments of the Spanish economy. How important is this
decoupling? Or to what extent is Spain exploiting ils system
over its endogenous possibilities?

It seems clear that the Spanish endorsement of the
European economic community (EEC) Treaty in 1986
entailed great social-economic changes. [t is probable that
previous patterns of strong growth in the 1960s were
accelerated, and, as is shown by standard of living, carrying
capacity and [ootprint eMergy indicators. Spain left the
Mediterranean standard of living to adopt a Western
European one. This disconnection becomes evident [rom
the middle 1980s, but its growth rate is especially strong
after the middle 1990s. In this sense, both carrying capacity
measures show that in the mid-1980s Spain disconnects
definitively from its Mediterranean way of life to adopt an
European one.

To deal with the challenge of natural capital deca-
pitalization (strong use of N, high dependency on imports.
high pressure on environmental systems. low efficiency in
the vield, etc.), different Spanish governments invested a
great amount ol money in conservationist programmes.
In fact, Spain ranks as the third country in the EU in
terms of the money spent on environmental protection
measures, with an average of 0.8% of GDP and 108 €
per capita. (EUROSTAT On-line-a,b). The natural
protected areas in Spain will be considered a good
measure of conservation policies, in terms of area
and money spent during the past 20 years. Creation of a
natural protected areas policy has been developed since the
1980s (Morillo and Gomez-Campo, 2000). supported
mainly by international and European legislation. The
Conservation of Nature-Wild Flora and Fauna Act of 1989
created different types of natural protected areas to
preserve some parts of the country outside ol the general
economic process of growth and land transformation, and
it is the real starting point of the natural protected areas
declaration in Spain (Fig. 9). In 2003, there were already
950 protected areas in 38 different protection categories
embracing more than 9% of the country’s surface
(EUROPARC-Espana, 2004).

eMergy indicators illustrate that conservation policies
are not successful enough in terms of preservation of
natural capital to enhance sustainability. It has been
shown that the intensity of use ol the territory has grown
and that carrying capacity is strongly decreasing, so the
Spanish ecological footprint, in eMergy terms, is increasing
too. In this Mediterrancan conlext, natural protected
areas cannot be managed as islands inside the territory in
which they are embedded. since a full set ol biophysical.
socio-economic and historical cultural aspects are shared
by both sides of the fence (Garcia and Montes, 2003).
In fact, other indicators. like the Natural Capilal index
(NCT) illustrate that Spain has a great quantity of “natural
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Fig, 9. Evolution of number and area of natural protected areas in Spain
during the last 30 years (Data souree: EUROPARC-Espafin. 2003.)

areas™ but that their quality (ratio between current state of

the ecosystem and the defined baseline state) is low (Ten
Brink. 2000). In fact. there are countries with a low
quantity of natural arc¢as but with a high quality. so their
NCI is higher than Spain. This is the case with regard
to another Mediterranean country, Greece (De Groot
et al., 2003).

It would be interesting to have historical series to study
previous periods and compare evolution in the last 15 years
with the past decades prior Lo the entry of Spain in the EU,
However, these eMergy indicators confirm patlerns sug-
gested by other studies of ecological footprint in Spain.
Carpinlero (2005) has studied the economic metabolism of
Spain, and estimates the ecological footprint changes from
2 ha/inhabitant (1955) to 5ha/inhabitant (2000), which is
more than three times the total area of Spain, including the
marine portion. The World Wildlife Fund (WWF) (WWEF/
WCMC-UNEP. 2004) estimates the ecological [ootprint to
be 4.8 ha/inhabitant, so that there would be an ecological
deficit of 2.9 ha/inhabitant.

Although Spain has only been studied between 1984 and
2002, it has to be underlined that patterns obtained are
confirmed by the partial indicators of the OSE (Observa-
torio de la Sostenibilidad en Espania) (2003): so far from
recovering a Mediterranean way ol life connected to the
flow of goods and services ol ils own territory. sustain-
ability indicators are getting worse and deepening in the
“growth without limits™ model.

5. Conclusions

Despite ancient transformations of ils territory, Spain
began the first part of the 1980s with one of the best-
preserved natural heritages in the Mediterranean and
European area, From a socio-economic point of view. the
[980s starts with a political transition and with the
cconomy in a growth period. withoul strong pressure on
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ecosystems and with a productive system that was still
extensive in many cases.

In this paper, an historical series of eMergy indicators,
mnstead ol traditional monetlary ones. has been studied
in Spain for five different vears to determine the balance
and evolution of social-ecological dynamics (trends of
resource use) during the last two decades. It can be -
ferred from the use of these indicators that Spain has
suffered a global backward movement in sustaina-
bility, with increased mtensity in the second part of the
1990s. eMergy indicators stress the magnitude and speed of
the changes that the Spanish economy faced in the last two
decades. as well as its strong dependence on imported
resources. Other eMergy indicators estimate the conse-
quences that those changes have had on the territory.
in terms ol natural capital decapitalization and the
increasing need to spend money to substitute for the free
environmental services formerly supplied by the lost of the
past Mediterranean way of life to adopt a Western
European one.

The sustainable use of resources in the Mediterrancan
Basin huas been accomplished as a consequence of human
and ecological resilience (Butzer, 2005). The Mediterranean
nature of most of Spain produces highly-resilient ecosys-
tems, because Lheir ecosystems obtain their stability by
adjusting their dynamics to couple with climatic local
perturbation regime (Garcia and Montes, 2003). Medi-
terranean way of life has been characterized by the
reproduction of these patterns (management ol fire,
water. ete.) in a smaller scale to avoid great perturba-
tions (wild fires, flooding. ete.). Today. the Mediter-
ranean standard of living is endangered, and there is an
effort to preserve some ol it characteristics. In this
sense, although the Mediterranean nature of the Spanish
social-ecological system guarantees a high level of
ecological resilience sensu Holling (1973), management
policies, distant from Mediterranean traditional mana-
gement that was its identity in the past. are not succeed-
ing in preserving the flow of environmental goods and
services that supports our economy. As we have seen
in the results of this cMergy synthesis ligures, Spain is
still in the reversible phase of its economic evolution: in
other words, it is more endangered than irreversibly
degraded.

A transition to a global and coherent landscape manage-
ment that overcomes the current dichotomy between
territories exclusively managed for conservation and those
exclusively dedicated to production is needed. In a
Mediterranean context. this goal would be achieved by 4
landscape management proposal in which natural pro-
tected areas contributed to the preservation of a hetero-
gencous mosaic of traditional uses. in which different
ecosystems in many states of maturity that changed with
time would be combined and complemented (Burel and
Baudry. 1995, 1999; Farina. 1997; Gonzilez Bernaldez.
1991, 1992). Also, a real integration of conser-
vation practices and the sustainable use of biological
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diversity with other sectoral or cross sectoral activities,
plang and programs that have and impact upon them, is
desirable.
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Appendix A

Main emergy flows supporting national economies for
Spain and other sclected countries, arrunged by EMR are
aiven in Table Al

Main emergy flows supporting nationul economies for Spain and other selected countries. arranged by EM R*

Country U(E+20 Renewable (E+4 20 Non-renewable Population (E + 6 GDP(E=4 Emergy per capila LEMR (T (2
sejfvear) se/ year) (E + 20 sej year) inhabitants) LSS year) (E + 1 3sej/inhab) sej/ LISH)
Nicaragua §16.06 T20.00 90.00 4.51 1,40 18,09 3829
19494
Zambia 1997 1250.00 1030,00 22000 596 250 1394 30000
Moracco 1994 976,21 AR0.0O0 G000 2835 H.25 342 11:79
Argentina 4520.00 19401, 2580.00) 35.06 34.80 12.67 8.23
[ 904
Kenia 1409 Tha 60 370,00 390,00 gl 4 10.24 2.61 744
India 1999 26 210.60 6750.00 19-440.00 442,00 442,00 262 3.93
Spain 1984 9190.00 ot9.00 5090.00 38.28 164.00 24.00 5.62
Syria TU.00 90,00 TO0.00 15.02 17.00 525 4:64
laly 1984 L& 10000 2030.00 SO0 56.64 390,00 2840 4.12
Candda 1999 2335905 TR0 15 550.00 in.49 598,95 7050 390
Spain 1989 13 100.00 028.00 T050.00 38.79 394.00 33.70 3.31
Saudi Arabia 795300 2S5RO.00 S370.00 3203 241.00 6.1l 3340
1994
Italy 2000 3790000 203000 TAaO0 3T.osd 121086 065,50 303
Spain 2004 1740000 60Y.00 T550.00 39.93 562.00 43.50 3.409
Brazil [993 17 RE0.00 G700 ARI0L00 167.20 60000 L7 2.5
Ttaly 2002 3 T00.00 2030.00 SHRA0.00 117627 6,50 205
Spain 2002 10 100,00 609.00 8470.00 40,35 635.00 47.00 2.91
Spain 1994 12 300.00 390,00 S490.00 39.17 304.00 32.00 249
Taly 1989 21 300,00 203000 G000 56.70 S66,00 37.50 145
Balivia 1897 19520 180,00 10.00 a4 K00 243 244
Italy 1995 25500.00 2030.00 BO20.00 57.33 1070000 45,10 241
South Afvica  9270.00 240000 Hsal.00 43.20 412.00 21.44 235
1 090
Uruguay 1995 308,70 200,160 - 110.00 322 [4.70 456 210
Ttaly 1991 23 200000 2030.00 R430.00 .76 | TA0L00 40.90 202
(:lobhal SHE350.00 158 600.00 343700.00 S900.00 27 100,00 8.32 1.85
ceonomy 1999
Netherlands 678430 250.00 635000 15.67 37100 43.40 1.83
1984
LISA 1999 OO 100 (W) 830,00 a1 62000 266,56 8501}_1.11_] 3376 Vi3
Denmirk [ 70040 20,00 760,00 535 123.20 33.27 .45
1907
Switzerland 253800 280,00 2260000 T:20 27000 33,23 .94
1494
Treland 1004 46956 T0.00 AN0.00 367 34,60 12.74 0.56
Japan 199 26 000,00 1330000 24 A00.00 126.97 4500.00 28.30 (.50
Giermany 1993 1325777 2200100 13 100,00 53.03 209010 1843 .73

"Dt souice for selected countrics, Brown (2003), for Taly Cialant etal.. (2005). and this study Tor Spain.
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Some of the muin emergy indicators for Spain and other selected countries, arranged by ESI are given in Table B1.

Table B

Some of the mam emergy indicators for Spain and other selected countries, arranged by ESIY

Clountry

L+ 207seiivear)

LER [EMR, /EMR,|"

FLR [({—R)R]

EYR U N +N, = TMP)]

ESI [EYRIELR]

Bolivia |997
Nicuragua 1994
Zambia 1997
Urnguay 1995
Kenig 1999
Braal 1995
Argenling 1994
Canada 1999
Global economy 1999
Maroeco 1994
Saudi Arabia 1994
India 1999

Seuth Adricn 1900
Ialy 1984

Spain 1984

fialy 1991

faly 1989
Irelund 1494
[taly 1005

Spain 1989

Syria

Switzerland 1999
LU'SA 1999

Spain 1994

Italy 2002

Ltaly 2000

Spain 2000

Spain 2002

Fapan 1999
Nethérlands 1994
Germany 1995
Denmark 1997

[93.20
81606

1 230,00
30870
THS.60

17 S¥0.00
4320000
2335905
510 350.00
976:21
T933.00
26 210.60
9270.00
L6 10000
9190.00
23 200,00
21 300.00
46Y.56
2590000
13 110,00
790.00
2538.00
D0 160,00
12500.00
34.700.00
3790000
17 400,00
19 100.00
36 000.00
H78S 30
1528777
1786.40

(1. 76
003
004
0.88
(.25
0.62
022
047
016
.56
.31
182
(r4d3
.33
0.92
0.76
A6
0.77
0.536
.40
|97
.28
.74
.63
(1,59
.60
.64
e
.01
253

173

1.07
114
1.21
1.5%
205
2.61
233
1.99
2:17
256
308
3.88
383
6.9
14.10
R
0.47
687
{3
19.79
9.20
9,10
10.74
20.20
16.13
17.65
27.55
30,32
2706
27.20
6Y.55
89.00

15.00
B

3,68 -

275

1,95
2.03
175
1.50)
146
|.64
148
1.35
1.35
1.78
2.41
.76
1,61
117
1.59
2.34
1.12
Ll
1.0
1.87
}.29
[.33
1.84
1.87
1.0
.04
1.01
101

14,00
1,33
4.68%
1.75
.45
0.7%
073
073
0.70
.64
048
0.35
.33
.26
0.17
017
017
0.17
014
0.12
12
012
0.10
.09
11.0%
0,08
0.07
0.06
0.04
(.04
(.01
001

Pt source; For selected countries Brown (2003), for ltaly Clalani et al, (2003). and this study Tor Spain.

"EMRgc = EMR al global economy; EMRi = EMR of the country,

Appendix C

Calculations of the average standard of living (ESL and MSL) and regional ELR to be used in carrying capacity and
support area [or selected European and Mediterranean Basin countries are given in Table C1.

Tahte (']

Caloulatons ol the average standard of living (ESL and MSL) and regional ELR 1o be used in carrving capacity and suppart area for selected European
and Mediterranean Basin countries

Furopean Tot] emergy Renewnhle Ared (m”) Analysis R/ Ug ESL = LUp/Ry: ELR
Counlries dctually used emergy used (Ry) vear

() (sej/vear)  (sejvear)
Spain 1.25E+24 3.90E+22 495+ 11 1994 (03 20,26 19.67
Ltaly 2.26E 1 24 1,21 E+23 INE+1] 1995 0.08 12.73 11.92
Czech 1.35E+23 S60E+22 TO0E+10 1998 (1.36 2.77 2:57
Repuhhlic
Finlund L.20E + 23 270E 4 22 338L+11 1994 .23 4.44 4.44
Treland 4.70E + 22 TOOEA+ 21 HA0E 110 1994 015 6.71 6:87
Portneal |.76F + 23 1. 7022 S20E+ IR 1995 0.10 10.33 10,35
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Tuble CL (eontinted )

Furopean Toral emergy Renewable Area (m7) Analysis Byl ESL = {t'a/Re ELR
Countries aclually nged emergy used (Rp) year
(L) sepvear) (3] iyeir)
Slovakia 6.70FE+22 HAO0E + 21 490H 10 1994 .09 PLAT 1175
Trance 1321+ 24 HA0E-22 S91E+ 11 1999 (h06 [53.90) 1392
Netherlunds 08015~ 23 2800+ 22 4, 10E + 10 1994 (.04 2720 2730
Fngland 282b-24 %30+ 22 [L30E 1 1999 003 33,05 3405
Ciermany 1536 | 24 I20E+22 3.57E I 1) 19us (1] 9,55 Ot 33
Austriig 2.9 +23 l60E 1 22 BA9E+ 10 1997 (106 GRE 16.19
Switzerland 234+ 23 JROE | 22 4 13E+ 10 1999 0,11 907 9.10
Denmark I.78E~+23 200E 1 2] 43E+10 1997 001 39,00 59,00
Totul Total area of Average = ESL = 24.(12 FLR{r) = 2350
R =332E+23 European countrics
used =203+ 12
5B = 2523 25.41
Mediterranean  Total emergy Renewable Arca (m7) Analysis R/ Uy MSL = Ly ELR
bisin actually used emergy uscd v R
countries { Uy ) Usefiyear)  (Ryg) (se)vear)
Spain |.25E+24 SAH0E 422 4980 + 11 19494 (05 20072 19:67
Taly YAEE-L34 L2TE+23 IOIE 1] 2000 0,05 | B.68 17,65
France 1.32E—24 BAGE 1+ 22 SOIE+11 1999 RV 1390 1542
Moroceo 9R0E-22 A80E 422 4 44E+11 19494 (.39 2AR2 250
Syria TO0E+22 D00F | 21 LLRSE+11 1987 11 #4774 920
Tatal Total arca of Average = MSL = 13.44 ELR{7) =132
By =310E=23 Medilerranean
countries
ped = ZAEZE+ 12
Sl= T.065 708

Diiter sorirees Brown (2003) and Clalani et al. (2005),
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Abstract

In this study we evaluate the aceuracy of four global and regional lorest cover assessments (MODIS, IGBP. GLC2000. PROARCA) as
tools for baseline estimation. We conduct this research at the national scale for Costa Rica and for two tropical dry forest study sites in
Costa Rica (Sunta Rosa) and Mexico (Chamela-Cuixmala). We found that al the national level, the total forest cover accuracy of the
four land cover maps was inflated due to an overestimation of forest in areas with an cvergreen canopy. However, the lour maps greatly
underestimated the extent of the deciduous forest (dey forest): an ccosvstem that faces high deforestation pressure and poses
complicitions to the mapping of its extent from remotely sensed duti. For the tropical dry forest sites. all maps have low forest caver

accuracies (mean for Santa Rosa: 27%: mean Tor Chamela-Cuixmala: 36% ). This has implications for policy implementation,

¢ 2007 Elsevier Lid, All rights reserved.

Kipworefs: Carbon: Chamela-Cusimala: Costa Rica: orest cover: Global land cover: Mexico: Pavments for environmentul services: Santa Rosu: Tropical

iy Torest Tropicnl wet forest

1. Introduction

The implications of global chmate change due to an
increasing build-up of anthropogenic greenhouse gasses
(GHG) such as carbon dioxide (CO-) in the atmosphere
have become miernationally important issues (Chot. 2003;
Gierlagh and van der Zwann. 2006: IPCCC, 20035; Lenton.
2006; Litynski et al., 2006) The Kyoto Protocol was
proposed ag potential mieans to mitigate climate change

(United Nations, 1997). Euch country listed in Annex B of

the Protocol is allocated an “assigned amount of emission
reduction units™ (AAUS) that correspond Lo the nalions’
allowable GHG emissions (Chot, 2005; United Nutions.
1997). Annex B countries include developed countries and
countiries with transitional economies. The AAUs are u

country’s  baseline emission minus the percentage ol

emission reductions that are required by the Protocol
(Choi. 2005). While most countries are required to reduce

b i erresponding suthor, Tel: = TTR0492 1822 fx: + | 750492 2054
F=nai! wededress: arturo:sunchez:o ualberta.ca (GaA. Sanchez-Azofeifa ).

O301-4797 % - see fronl mutter (0 2007 Elsevier Ltd. All righis reserved
dor [0 T La jemvmran, 2007 0301 5

their emissions, a lew such as Teeland are permitted an
increase (United Nations, 1997).

Specific mechanisms are permilted under the Kyoto
Protocol Lo help parties attain their GHG  emission
reduction targets: jomt implementation (JI) and the Clean
Development Mechanism (CDM)(Choi. 20035; Olschewski
and Benitez, 2005; Plafl et al.. 2000; UNFCCC. 2003b).
The IT and CDM mechamsms are project-hased where an
Annex B country can ecarn emission reduction credits by
participating in o project that helps another country reduce
its GHG emissions (e.g. reforestation). The difference
between the J1 and CDM is that JI projects are between
Annex B countries whereas in CDM projects Annex B
counlries receive certified emission reduction units (CLERs)
by collahorating with non-Annex B countries (Choi, 2003:
Olschewskr and Benilez, 2005; UNFCCC, 2003b). Annex B
countries may engage in either J1 or CDM projects 1o help
another Annex B or non-Annex B country and use the
credits lor their own comphance (Subak. 20000, Anthro-
pogenic land-based dactivities— "land-use, land-use change
and forestry”™ (LULUCE)Y are a means of achieving
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compliance to the Protocol (UNFCCC, 2001b, 2003a,b).
While a part of the CDM, LULUCEF activities are limited
to afforestation and reforestation projects. Also. during the
first commitment period, the credits resulting from
LULUCF projects are capped at 1% of the base year
emissions times five (Choi, 2005; UNFCCC, 2003b).
Nevertheless, such activities do form part of the initiatives
taken by Annex B countries. An example ol a recent
project in the tropics is the investment of USS2 million by
the Government of Norway into Costa Rica’s Private
Forestry Project in exchange for 230kt of carbon offsets
(USS10/t/C) (Subak, 2000).

To evaluate the effectiveness of mitigation projects in the
forestry sector and the clear definition of solid baselines,
three fundamental questions must be addressed: what is the
initial extent of the forests?, what tvpe of forest is there
(primary, secondary)? what is the rate of change of the forest
extent? Estimates of payments for environmental services
are greatly dependent upon the differences: between the
baseline and mitigation scenarios and on deforestation
rates before and afler the implementation of a project; the
greater the difference the greater the estimate of carbon
sequestration/value of environmental services (Busch et al.,
2000). Therefore, it is imperative that the initial state and
extent of the forest (baseline determination) be character-
ized as accurately as possible, a problem that is not trivial
due to the lack of standardized mechanisms that can
provide accurate information for different types of forests
especially in the tropics (Foster et al.. 2002; Subak, 2000).

While CDM projects can take place in any ecosystem, in
this study we focus on tropical forests because of their
importance in carbon sequestration, their general overall
threatened status and the complications that arise when
mapping their extent from remotely sensed data (Sanchez-
Azofeifa et al., 2001). To accurately assess land cover
changes in (ropical environments at reasonable costs
requires remote sensing technology (Subak. 2000). How-
ever, an initial problem in accurate estimation of forest
cover is one ol nomenclature (Jung et al., 2006). While
there are numerous definitions of what is a forest (see
(ITTO, 2002) for an in depth review). there is no general
consensus (Jung et al.. 2006). In addition, many definitions
are biased towards mature wet or rain forests. neglecting
scasonally deciduous forests and stages of vegetation
succession (i.e. secondary forests) (Sanchez-Azofeifa
el al.. 20054, b). Attempts have been made to consolidate
definitions during the Marrakesh Accords (UNFCCC.
20014, 2003a). Based on those accords “forest” is defined
as “a minimum area of land of 0.05-1.0 ha with tree crown
cover, or equivalent stocking level, of more than 10-30% and
containing trees with the potential to reach a minimum height
of 2-5m at matwrity”. This is also the definition adopted by
the Eleventh Conference of the Parties when discussing the
implementation of CERs (UNFCCC, 2003b). In addition.
stands temporarily below the thresholds but which are
expected to grow or revert to forest are also included in
the forest category (UNFCCC, 2001a, 2003b). However,

the definition of *“‘forest”™ adopted by any one country Is
optiona) within the stated minimum levels defined by the
Marrakesh Accords. In this study we adopt the Marrakesh
Accord’s definition of “forest™ and more precisely the
following refinement describing the environment where dry
forests are found: an area with a vegetation fype dominated
by deciduous trees located in an area with a mean
temperature >25°C, « total annual precipitation range of
700-2000 mm and three or more dry months (precipitation
< 100 mm) (Sanchez-Azoleifa et al., 2005b).

Methods for using remote sensing to monitor and detect
tropical deforestation in the humid tropics have been
successfully developed. tested and applied ((Sanchez-
Azofeifa et al., 2001: Skole and Tucker, 1993: Stone and
Lefebvre, 1998; Zhang et al., 2005) among many others),
providing important information on the extent of tropical
evergreen forests. Tropical dry deciduous forests (T-df),
however, have received less attention and thus the
development ol remote sensing methods for quantifying
the extent of the T-df has been neglected in comparison to
wet/rain forests (Arroyo-Mora et al., 2005b). Significant
errors have resulted from mapping the extent of the
tropical dry forest from satellite images because the cloud
free images are most easily acquired during the dry season
when an increased percentage of the canopy is leafless,
lacking the spectral signature of green leal biomass
(Arroyo-Mora et al., 2005a; Asner, 1998; Kalacska et al.,
2007). This property of the canopy induces the misinter-
pretation of forested areas in the image for pastures or
arcas with dispersed trees (Pfaff et al., 2000).

Our study investigates the implications of using various
global remote sensing derived land cover classification data
sets of forest cover as a baseline scenario at the national
level for Costa Rica. We use Costa Rica as an example for
several reasons. Firstly, it has a multitude of lorest types
(from dry forest Lo rain forest) and also has a considerable
history in payment of environmental services. In addition,
a substantial database of remotely sensed imagery both
satellite and airborne have been acquired for the entire
country. including multi and hyperspectral images and
aerial photograph that cannot be matched by any other
tropical or sub-tropical country, Significant efforts have
been made by the Costa Rican Centre for High Technology
(CENAT- El Centro Nacional de Alta Tecnologia) and its
National Airborne and Remote Sensing Program (El
Programa Nacional de Investigaciones Aerotransportadas
v Sensores Remotos) to ensure continual collection of
remotely sensed data for the country. Finally. substantial
efforts have been in the country through the national
ministry of environment (MINAE), NGOs
FONAFIFO and several provincial agencies such ag
FUNDECOR to manage and inventory the nation’s
forests. Costa Rica has the largest proportion of national
territory in protected areas (national parks. absolute
reserves, biological reserves) of any Central American
country. Subsequently, we focus specifically on the dry
forest in two protected areas located in Costa Rica and

such as
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Mexico and assess how the different mterpretations of
the global land cover classifications affect the quantifica-
tion of the value associated with environmental services
in the dry forest. In terms the tropical dry forest in
Central America. Costa Riea and Mexico have the largest
most thoroughly inventoried areas remaining, as well as
under protection in terms of biological reserves or national
parks.

2. Methods
2.1. Study areas

Our study is conducted at two levels: first. at the national
level for Costa Rica (total area of 51 000 km?) and second
at a specilic ecosystem level (tropical dry forest) for two
study sites. Because ol the central mountain range, the
country encompasses numerous physiognomically different
tropical forest types (Holdridge et al., 1971). However. to
facilitate the interpretation of the results and 1o be
congistent with forest types reliably detectable from
imagery we refer to two distinct forest types: predomi-
nantly evergreen (e.g. tropical wet) and predominantly dry
season deciduous (e.g. tropical dry) forest types. Subse-
quently. in a more detailed analysis, the two tropical dry
forest areas we examine in greater detail are the Santa Rosa
National Park in Costa Rica (10748'53"N. 85736'54"W)
and the Chamela-Cuixmala Biosphere Reserve in Mexico
(19722°-19°39'N. 104756"-105"10"W).

Santa Rosa National Park is composed of a mixture of
secondary lorest in various stages of regeneration (Arroyo-
Mora et al., 2005a; Janzen, 2000; Kaldacska et al., 2004).
We refer Lo four stages of suceession in Santa Rosa:
pasture SR-P, early SR-E. intermediate SR-1 and late SR-L
(Table 1). The total study area for Santa Rosa is 500 km?”.
The Chamela-Cuixmala Biosphere Reserve is comprised of
approximately 126 km” of forest, the majority of which has
been undisturbed for hundreds ol years (Maass et al.,
1982). We refer to four physiognomically different forest
types in and around the biological station. Upper ridge-top

Tahle 1

and slope (CH-U) and Lower Riparian (CH-L) forest
classes are mature undisturbed forests. intermediate (CH-I)
is a seccondary forest stage and carly (CH-E) is the first
stage of regeneration populated entirely by low Acaeia sp.
bushes (Tuable 1) (Kaldcska et al., 2003). We included a
bulfer of 30km around the station for the analyscs, in
order to include land cover types other than forest i the
study area. The total study area (including the buffer zone)
for Chamela-Cuixmala is 2465km>. In Santa Rosa there
are 6 months of little to no precipitation (December—Mayv)
and a total yearly preCipitation that is highly variable
(915-2558 mm)(Janzen. 1993). In Chamela, the precipita-
tion ranges (rom 374 to 897 mm with 80% [alling between
July and October (Maass et al.. 1982). Drought deciduous-
ness is the general leal phenological response to the dry
season  (Gentry, 1995: Lobo et ul. 2003). Genlry
(1995) estimates that approximately 40-60% of the species
in Santa Rosa are deciduous compared to over 80%
in Chamela.

2.2, Total aboveground biomass

Of the many direct methods currently available to
estimate total above ground biomass. allometric equations
are probably one of the most broadly used (Brown. 2002).
Site-specific regression equations have been developed to
estimate plant biomass from values of diameter at breast
height (DBH). height and wood specific gravity (Maass
et al.. 2002). In other studies, general regression equations
have been developed for specific forest types from DBH.
Carbon is assumed to be approximately 50% of the
biomass (Brown, 2002). The most complete estimates of
carbon include not only standing live vegetation hut also
dead wood, root biomass and soil carbon. From forest
structure  data we calculated total live aboveground
biomass from Brown (1997) for stems above 2.5cm DBH:

ATB = exp(—1.996 + 2.32(In D)). (1)

where biomass is expressed in kilograms of dry mass and D
is DBH in centimetres. Root biomass was estimated from

Forest structure characleristics and allometric carbon (C) content from live total abovezround and root hiomass for «ll stages of forest in Santa Rosa and

Chamela

Farest stage” Canopy height Basal area Stem density Species density No, strata C (1ons/ha)
(1m) (m*/ha) {No./0.1 ha) (N 0.1 hay

SR-P 2405 040.0 040 10 i -

SR-I! 7.5+22 11.7+54 112+ 64 15+7 | MR+ 18
SR-I 10,3+34 2144 6.8 13035 2045 | 60825
SR-L 15.042:2 3h1+6.5 107+42 2047 Z §8.942.0
CH-E 1.3+04 =00 040 1+0 \] —

CH-1 11.04£2.2 10.4+4.7 1464103 846 | 224423
CH-U §9+1.8 13.2+2.5 18145 31+12 1 29543100
CH-L 211410 258426 12410 ji+4 2 T2.6+34

‘Forest structure duta for Santa Rosy are from Kalaeska et al. (2004) and Arroyo-Mora et al, (2008) and from Kalacska et al (2005) for Chamela.
Census includes only woody stems with a DBH =5 em.Canopy height for SR-P reflects height of African grass H) pretreltenia rufa (Taragua ) during the wet

season. For CH-F it reflects the height of the Acacia sp. bushes.
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Cairns et al. (1997);
RB = exp(—1.0587 4+ 0.8836(In ATB)). (2)

where ATRB is aboveground tree biomass (Mg/ha). In all
our estimates we include only live ATB and root biomass
because we do not have data regarding dead wood or soil
carbon for the study sites. In total, 26 plots of 20 x 50m
were sampled in Santa Rosa where stems >5cm DBH
were identified and measured (Arroyo-Mora et al., 2005a;
Kaldcska et al., 2004). Thirteen plots of the same
dimensions were included in the census in Chamela-
Cuixmala (Kaldcska et al., 2005) (Table 1).

2.3. Total forest cover assessment

For Costa Rica a supervised classification map (CR2000)
was produced by a combination of 14 Landsat Thematic
Mapper § and 7 images acquired in 1997 and 2000 using
NASA pathfinder methodologies with a minimum map-
ping unit of 0.03 km? (Sanchez-Azofeifa et al.. 2001; Zhang
et al., 2003). The overall accuracy of the CR2000 data set
(forest/non-forest) was estimated to be 90-92%. For the
accuracy assessment, a total of 800 control points for forest
with a minimum area of 0.03 km” were chosen and assessed
on the ground (Sanchez-Azofeifa et al. 2001). The
evaluation of the accuracy of the forest cover data set
with the extensive collection of ground control points
provide greater confidence in this data set in comparison to
continental or global algorithms. This data set. resampled
to 1 km? resolution (in order to have the same pixel size as
the land cover maps). was used as the control in all
analyses for Costa Rica.

For the Costa Rican national level baseline and the dry
forest study sites” baseline determination analysis we examine
three published and readily available global land cover maps
ereated lrom different sensors: the Global Land Cover. 2000
(GLC2000) generated by the Canada Centre for Remote
Sensing using SPOTVEG imagery (22 classes) using region-
ally defined classifications (Latifovie and Olthof, 2004),
IGBP rom the International Geosphere Biosphere Program
created with AHVRR imagery (17 classes) (Loveland et al.,
2000) and MODIS Land Cover data produced by Boston
University (17 classes)(Muchoney et al., 2000). In addition.
we include a regional land cover map for Central America
produced by the Center for International Earth Science
Information Network (CIESIN) at Columbia University
under the Proyecto Ambiental Regional de Centroamerica
(PROARCA). This regional land cover map was created
from AVHRR imagery (17 classes)(Central American
Commission on Environment and Development, 1998). All
the above data sets have a spatial resolution of 1km?.
PROARCA data are not available for the dry forest site in
Chamela-Cuixmala Mexico.

Comparison of all coarse resolution maps was per-
formed using the Costa Rica 2000 (CR2000) database.
Accuracy at the national level and the specific dry forest
study sites was estimated from sets of randomly generated

control points extracted from the CR2000 data set. Ag the
control data for Chamela-Cuixmala Mexico we used a
supervised classification map (MX2002) generated using
ASTER imagery (resampled to 1 km® resolution) for the
year 2002 (Sanchez-Azofeifa and Quesada. unpublished).

3. Results

3.1. Forest cover estimation at the national level for Costa
Rica

The overall forest cover estimates for Costa Rica from
the different land cover maps are shown in Fig. 1. In
comparison to the CR2000 data, each land cover map
underestimates the actual forest cover for the predomi-
nantly deciduous (dry) ecosystem (Fig. 1f). The area
demarcated as “dry” in Fig, If is predominantly deciduous
or contains trees that are deciduous during the dry season
(periods of little to no rainfall). This area encompasses
14% of Costa Rica (7140km?). The forest extent of the
evergreen vegetation (Fig. 1f) however, in general, com-
pares well between the land cover maps and the CR2000
data set except for the overestimation of the forest in the
northeastern and central sectors of the country most likely
due to the inclusion of palm, coffee, pincapple. yucca and
other plantations in the forest cover class.

The overall forest accuracies for GLC2000 (74%) and
MODIS (76%) (Table 2) reflect the high prevalence and
accuracy of “forest” for the majority of the evergreen
forest areas in the country (Fig. 1) (e.g. 79%—GLC2000
and 88%—MODIS) (Table 2). However, the low non-
forest accuracies (e.g. 32% and 16% for GLC2000 and
MODIS, respectively) for all land cover maps indicate an
overestimation of the forest in the evergreen forest areas
(Table 2). The poor accuracies of all data sets for the
predominantly deciduous forest areas (36% mean accuracy
for all data sets) indicate a severe underestimation of the
deciduous farest (Table 2).

Table 3 indicates the total forest area from the land
cover maps in comparison to the CR2000 data set. The
total forest area estimated for Costa Rica by Mayaux et al.
(1998) is also included in Table 3. Every land cover map
derived from coarse resolution sensors used in this study
overestimates the extent of the forest for Costa Rica by as
much as 16000 km? with the exception of Mayaux et al.
(1998) who underestimate the forest cover by 9777 km?.
PROARCA is the closest in the overall estimate for forest
area for the country with 27792km® which is only
4565km” more than the CR2000 data set. The MODIS
land cover data set is the farthest from CR2000 at
39409 km”.

3.2. Tropical dry forest sites
The total forest area from the CR2000 data set for Santa

Rosa is 276.6km”. For Chamela-Cuixmala the MX2002
data set reveals 1925.6 km~ of forest as control. The range
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Fig, | Total forest cover exiracted for Costa Rica from the varous global regional lind cover maps, (a) PROARCA (h) IGBP (e) MODIS (d) GLC2000
(e CR2N0G (I areas comprsed of o predominantly dry season deciduous canopy (dark grey tone) and areas with a predominantly evergreen eanopy

(mediim grey tone) in Costy Rica. Deciduous and evergreen areds were determined hased on the Holdridge lite zone datahase for Costa Ricd.

ol lund cover classes found in the deciduous study areas
based on the four global/regional land cover data sets
is illustrated in Table 4. The consensus for the dominant
class i Santa Rosa [rom the land cover maps is
“cropland™ or Tagriculture”. with the forest classes being
minmmal in comparison. However. from the CR2000 data
for Santa Rosa, the dominant class is ““forest™ with an
forest cover for

actual coverage of 35%. The actua
Santa Rosa has also been reported by an independent

study from Arroyo-Mora et al (2005b). BEvery land
cover map derived from coarse resolution sensors under-
estimated the total forest in Santa Raosa by 130.6 km*(MO-
DIS) to 196.8 kin” (PROARCA) in comparison to CR2000.
The highest accuracy is [rom both the PROARCA and
MODIS data sets for forest at 34% (non-forest accuracies
of 92% and 48%. respectively, Table 2). The lowest
accuracy is from GLCZ000 at 16% lor [orest (78% non-

lorest).



M. Kalgesta et al. [ Journal of Envicommental Munagenrent 88 (2008 ) 348-359

fable 2

153

Forest and non-forest accuracies (%) front the national level analysis for Costa Rica and the two tropical dry forest sites (Santa Rosa and Chamela-

Cuixmala)

Anlysis level and thematic class GLC2000 MODIS IGBP PROARCA Mean
Costa Rica predominanily deciduous 56 35 18 36 36
Costa Rica predominantly evergreen 79 88 70 73 78
Costa Rica overall forest 74 76 59 6 68
Costa Rica overall non-forest 32 16 32 59 35
Sunta Rosa lorest 16 RE] 24 34 27
Suntid Rosa non-forest 78 48 72 92 73
Chamela-Cuixmala Forest 41 66 61 — S0
Chamela-Cuixmala non-forest 42 37 38 39

Table 3
Total forest cover for Costa Rica for each data set

Land cover map Total forest area (km?)

MODIS 39409
GLC2000 3696l
1GBP 32648
PROARCA 27792
CR2000 23227
Mayaux et al, (1998) 13450

CR2000 control data set is shown in italics.

For the Chamela-Cuixmala region the dominant class
from the land cover maps is cropland (GLC2000), mixed
[orest (MODIS) or evergreen broadleaf forest (IGBP)
(Table 4). From the MX2002 database, the dominant class
is forest with an extent of 78% (1925.6 km?). With all forest
classes combined, for total extent, MODIS was very close
at 79% (1950.3 km?) followed by IGBP at 70% (1728 km®)
and GLC2000 at 46% (1135.6km?). The highest accuracy
for Torest cover was from MODIS at 66% (non-forest
accuracy 37%) indicating that while the amount of forest is
close to the MX2002 data sct, the precision (actual
location) of the forest is incorrect (Table 2). The lowest
forest accuracy was from the GLC2002 data set for forest
(41%) with a non-forest accuracy of 42%. For all the land
cover maps [orest classes were assigned based on deserip-
tions as well as nomenclature. For example, the classes
such as “woody savannah” because of the description were
also included in the forest classes along with those that
were labelled ““forest”. Improved land cover classifications
for all forest types could be expected with standardization
and broader descriptions of the land cover classes (Jung
et al., 2006).

3.3, Cnufrommental services payments: forecasiing carbon

.S‘f_?cfut’.‘.s‘H'(l-f!lr}li'

Arroyo-Mora et al. (2005b) lfound a rate of change of
+4.91% per year in forest cover for the period of
19862000 in a larger dry forest area encompassing the

Santa Rosa study area. Assuming the same constant rate of
change in forest cover for the 2000-2010 period, Table 5
and Fig. 2 illustrate the lTorecasted total forest area for each
land cover map taking the results from this study as the
year 2000 baseline for each. The CR2000 data set shows a
total increase in forest cover by 2010 of 170 km? followed
most closely by MODIS at 89.8 km” and with the greatest
difference, PROARCA at 49 km”. With the exception of
PROARCA, the land cover maps produced a relatively
similar forecast in total forest area. With the assumption
that the ratio of forest stage (i.e. early: 22%. intermediate:
47%. late: 31%) found in the area by Arroyo-Mora el al.
(2005a) remains relatively constant over that time period,
and the values of Mg C/ha/stage from Table 1 are used the
carbon gains forecasted by each data set are shown in
Table 5. The greatest carbon gain is from the CR2000 data
set with a total of 1 074691 Mg C followed by MODIS with
a total of 567107 MgC and with the greatest difference,
PROARCA at 310207 MgC. Il successional stages are
disregarded and an average valuc of 91.32MgC/ha is
used (Kauffman et al., unpublished). 1553401 MgC are
the forecasted gain [rom CR2000 in comparison to
19720 Mg C (MODIS) or 448386 MgC (PROARCA)
(Table 5). As can be seen in Fig. 2, the rate of change of
the forest cover is much lower lor all land cover maps in
comparison to CR2000 and each year the difference is
compounded. An unprecedented rate of change would be
needed by models incorporating any of the land cover
maps to reach the same final forecasted value of total forest
area as shown by CR2000. From the projected increase in
forest cover (2000-2010). the estimated value of carbon
sequestration from the CR2000 data set 1¢ $LUS 500 109
(SUS 29.4 ha™") with a range of $US 248 354-746 762 (SUS
14.6-43.9ha™") (Fig. 3). The MODIS land cover map is the
closest in its projection with a projected value of carbon
sequestration in 2010 at SUS 263904 and a rangc of 8US
131055-394 061 (Fig. 3).

4. Discussion and conclusion

While this study is nolt meant to cast an overly negalive
impression of the value of coarse resolution remotely



354 M. Kalaeska et al. | Journal of Envivammental Management §8 (2008 348-359

Table 4

Forest and non-forest classes from the land cover maps for Santa Rosa and Chamela

No. forest classes
map (extent)

Logation Land eover

(extent)

Dominant class

2nd dominant class
{extent)

Ohther classes

GLC2000 6 (26%) Cropland

(T0.1%)

Santa Rosy

Santa Rosa IGBP 5 {14.3%) Cropland
(31.2%)
Santa Rosa MODIS 5(35%) Cropland
(64,8%)
Santa Rosa PROARCA T(21.8%) Agriculture
(72%)
Chamela GLC2000 G (46.4%0) Cropland
(30.6%)
Chamela IGBP 5 (70:1%) Evergreen
broadleaved
forest (26.7%
Chamela MODIS 5(79.1%) Mixed forest

(29%)

Tropical broadleaved
evergreen forest—open
canopy (19%)
Cropland—mnatural
vegetation mosaic (14.7%)
Woody savannah (2.3%)
Tropical broadleaf
deciduous woodland
(7.2%0)

Tropical broadleaved
evergreen foresi—closed
canopy (28.8%)
Cropland (25%)

Evergreen broadleal {orest

(28.3%)

Girgssland, walter

Savannah, grassland

Shrubland, savannah, grassland.
cropland/matural veg, Mosaic
Tropical perennial graminoid
grassland, forest-woodland-
agriculture complex. urban-veg.
complex. agriculture and urbun-
imdustrial

Grassland, water. consolidited rock
with sparse vegetation

Savannah, grassland

Shrubland, savannah, grassland.
cropland. cropland/natural

VEZ.MOSHIC

PROARCA is only available [or Santa Rosa.

Table 3

Initial und 10vr forecasted total forest cover and carbon gain (assuming 4 +4.9]% increase in forest cover per year) for the Santa Rosa dry [orest study
3 B £

area {total ared 500 km”)

CR2000 GLC2000 1GBP MODIS PROARCA
Initial forest cover (km?) 276.6 128.3 137.6 146.0 79.8
10 vr forecasted forest cover (km?) H6.7 207.2 2222 2357 128.9
Change in forest cover (km?) 170.1 78.9 846 89,4 449.1
Total carbon gain Mg C (allometric with stages from Table 1) 1074691 498 492 534626 567107 310207
Total carbon gain Mg C (average 91.32Mg C/ha) 1 553401 720 540 772769 819720 445386

sensed data used to create forest cover maps as tools for the
estimation of payments of environmental services and
earbon sequestration baselines, it does intend to illustrate
that caution must be used when selecting the appropriate
derived products for regional planning exercises and
environmental monitoring assessments. The intended use
varies among data sets and is generally based on the scale
of the product and the amount ol effort placed on in situ
validation. The participation of local agencies and the
consideration for region-specific complications is also
imperative to the quality of the final products. Tmagery,
preferably medium resolution (i.e. 30m). should be
acquired for each study site/region projected for environ-
mental services payments. The subsequent classification of
the imagery to establish a baseline would then be specific to
the area and a validation should also be conducted with the
unigue characteristics of the ecosystem in mind. Used with
caution, medium and high resolution remotely sensed data
are powerful tools for the study of land use—ecosystem

interactions, lor providing information to decision makers.
and the regional application of integrated models.

Previous studies have examined the inconsistencics
between forest cover data sets at national levels (e.g. Jung
et al., 2006; Kerr et al., 2001: Kleinn et al., 2002; Mayaux
et al.. 1998). Inconsistencies are importani 1o recognize
because numerous problems with the accuracy estimations
are due to under-estimation, over-estimation and general
misclassification of forest and other land cover types (Jung
et al., 2006). However, we believe there is a need to move
beyond examining accuracies and fo begin examining their
implications that in many cases can be greater than
differences in a simple measure of how accurate the forest
extent is in comparison with other classification efforts.
For example, the risk of using unreliable forest cover
estimates for establishing baselines include forcing trading
to increase global net emissions whereby any mitigation
projects would be both misdirected and inefficient (Kerr
et al., 2002).
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4.1. Implications of erroneous baseline estimates

Variations in baseline estimations may end up costing
millions of misspent dollars over time and frustration in
both the governmental and scientific spheres of political
action. As indicated in Table 5. the relatively large
underestimation of the baseline bv the land cover maps
for the Costa Rican example leads to compounded errors
in forecasted carbon sequestration and it is unrealistic and
erroneous to assume that if the rate ol change is correct
that the initial baselines are not important. For a project to
be eligible for Emission Reduction Units (ERUs) under the
United Nation’s Framework Convention on Climate
Change (UNFCCC) in the LULUCF category, it has to
show 4 successful accumulation of sequestered carbo-
n(UNFCCC, 2003b). One ERU is equal to | metric tonne
of earbon dioxide equivalent (UNFCCC, 2003a). And the
only way a project can claim ERUs or credits through
the CDM, is il it can show sequestration of carbon above
the bageline scenario. Any erroneous estimates of either the
initial forest cover or change (i.e. deforestation rate) would
lead to diverse and unrealistic values for the carbon stocks.

4.2, Consideration for the tropical dry forest

For the tropical dry forest specifically, the forest
identified from wet season images is a4 mixture ol both
deciduous and semi-evergreen species as well as pasture
lands with enough green herbaceous biomass to produce a
spectral signature comparable to trees resulting in the non-
forested areas to possibly be mistaken for forest (Fig. 4).
Estimates of carbon would therefore be an overestimation
of the baseline in these areas. In comparison, the forest
area readily extracted from dry season images are most
likely located in areas where the microclimate enables them
to retain their foliage along with arcas including species
that practice inverse phenology. Kaldcska et al. (2004,
2005) have shown that the areas in Santa Rosa that
predominantly retain partial foliage in the dry season are
found in the late successional stage: The spectral signature
of dry woody matter does not resemble that of green
vegetation (Asner. 1998; Kalaeska et al., 2007) (Fig. 4) and
therefore, these areas are likely to be missed by automated
algorithms. In Chamela-Cuixmala, the Riparian [lorest
(CH-L) which also retains its foliage in the dry season has a
different species composition (i.e. more semi-evergreen
species), different microclimate and different biomass
(Quesada, unpublished observation) from other forest
stages in the area. Yet, the other late/mature stage in
Chamela-Cuixmala (CH-U) is almost entirely deciduous in
the dry season reinforcing the complication that when the
majority of the trees are without [oliage, the spectral
signature is comprised ol a mixture [rom soil, leaf litter.
rock, bark. etc.. rather than predominantly green leaves
(Asner, 1998) (Fig. 4).

In general. a higher accuracy for the non-forest classes
compared to the forest classes can be seen for every
classification and land cover map. For Santa Rosa the
reason for the large discrepancy in accuracy for the two
classes with the land cover maps is that the majority of the
area is classified as non-forest. Therefore. the chance that a
“forest” control point will fall into a pixel classified as
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torest 1s much less than the chance a “non-forest™ control
point will fall into a pixel classified as non-forest, For
Chamela-Cuixmala, the location of the forest is incorrect
(i.e. low acecuracy) while the extent (i.e. total area) is
generally close 1o what can be lfound on the ground. Thus,
the application of mappropriate classification techniques
will also result in large discrepancies. Methods must be
flexible and may not all be used on an operational mapping
project without extensive ground truth information. In
addition. calibration or validation of large-scale maps
without consideration of the ecological characteristics
specific to each environment may contribute to the errors.
These precautions must be taken in order to assure the
most reliable baseline scenarios lor both environmental
services payments and carbon sequestration.

A common assumption is that at the spatial resolution of
most global land cover maps (1 km?) the majority of the
pixels is not homogenous in the land cover class they
represent and therefore. under and/or over estimation of
various classes is accepted. For the dry deciduous forest in
Costa Rica Arroyo-Mora et al. (2005b) found that the
mean patch size of forest was 1.07km". In addition the
forest patches are in general comparable in size or in some
cases larger than the agriculture patches (i.e. dominant
class in the land cover maps) (Table 4). These results
indicate that although there may be many “mixed | km”
pixels™ there are still a sullicient number of “primarily
forest pixels” in order for the deciduous forest to be present
and included on land cover maps.

4.2.1. Deforestation pressure and implications for
conservation

Based on examinations of socioeconomic uncertainty il
has been stated that conservation research should locus in
the wet forest life zones (Kerr et al., 2004). In Costa Rica
with the collapse ol the beef industry (thus changing the
country’s economy to cash crops such as pineapple and
heart of palm that are grown in wet [orest zones) and the
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short utility of tropical wet forest soils [or agriculture. there
are significant deforestation pressures in the wet forest life
zones (Sanchez-Azofeifa et al.. 2001: Subak. 2000). However.
we argue that similar if not greater pressures also exist in the
dry forest, compounded by the faet that they are practically
non-existent in global land cover classifications and thus are
not in the forefront of conservation policies(Sanchee-
Azoleifa et al. 2005a,b). Due to low biotic and abiotic
stresses and a comfortable climate, the dry forest has always
been the preferred ecosystem for human settlement and
amimal husbandry (Ewel. 1999), The dry forest is globally
extensive (42% ol tropical lorests are dry) but because of its
appeal to human settlement it 15 also among the least
protected (Murphy and Lugo. 1986). In Mesoamerica less
than 1% has olficial conservation status. and only 2% is in
patches large enough to attract the attention ol conservation
organizations (Janzen. 1988). Pfafl and Sianchez-Azofeifa
(2004) illustrate large arcas in the dry deciduous forest in
Costa Rica where the pressure of deforestation is as high is in
areas of wet forest. This along with the need to acknowledge
their existence/location and the phenological complication
accounting for the problems associated with estimating their
true extent should make them a priority in global environ-
mental services payments and carbon mitigation projects.

In addition, the following example from Chamela-
Cuixmala illustrates other potential problems that can arise
[rom using various estimates ol forest cover. The land lenure
svstem around Chamela-Cuoixmala favours subsistence and
commercial crops, tourism and cattle grazing. Presently. the
land 18 most valued lor tourism rather than any other land
use. including forest (Maass et al., 2005). However. the short-
term return of such land uses does not muke up for the long-
term cost associated with these practices. For example. the
clearing of the forests could result in either a scenario where
certain pollinators will have to be brought to the area for
various crops (which are of considerable value) or a scenario
that could result in the loss of hundreds of thousands of
dollars worth of crops (Maass et al., 2003). Both cases would
result in very expensive endeavours compared (o leaving the
forest intact and utilizing the various services it could
provide. If the maps being used by decision makers do not
show the true extent of the forest. possible mechanisms for its
protection cannol be considered.

However, in order to determine deforestation pressure
(Pfaff and Sanchez-Azofeifa, 2004) or localize deforesta-
tion hot spots (Van Laake and Sanchez-Azoleifa, 2004),
spatially reliable estimates of deforestation are needed: the
basic requirement for which arc accurate bascling forest
cover maps from which to begin modelling.

4.3, Urility of remote sensing
A final broad question that must be considered concerns

both the utility and facility ol using remotely sensed data
for payment of environmental services projects in general.
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Rosengyvist et al. (2003) review the possible functions of
remote sensing technology as part of decision support
systems for the Kyoto Protocol. Two specific points from
their review require special consideration for the use of
remotely sensed data. First. the definition of “*forest” from
the Marrakesh Accords (UNFCCC, 200la. 2003a) as
referred Lo earlier and the subsequent standardization of
ground control point verification (Subak. 2000). Second,
based on the Bonn Agreements all forest and afforestation/
reforestation/deforestation activities are defined based on
land use rather than land cover (UNFCCC, 2001b). The
implications of these are such that an area of cleared land
that is expected to return to forest will still be counted as
forest under the Kyoto protocol and will not count as
deforestation (Rosenqvist et al., 2003). In addition. only
direct-human-induced afforestation/reforestation/defores-
tation events will be considered (UNFCCC, 2003a,b).
And, for reforestation specifically the land must have been
cleared for a minimum of 10 years prior to human-induced
reforestation (UNFCCC, 2003a). Thus. once a reliable
land cover map of forest and non-forest areas is produced
it must further be subject to additional in situ verification
for land use classification.

4.4. Implications and questions to be addressed

We have shown that depending on which study is used,
the estimations of environmental services payments,
carbon content and the accuracy ol the forest cover will
vary accordingly. Until questions regarding nomenclature
and types of forest classes are resolved, even for the
simplest questions of “how much forest is there?” and
“where is the forest?”, discrepancies between various
studics and problems with the estimations ol payments of
environmental services will persist. These discrepancies
may end up costing hundreds of millions of dollars in
crroncous payments and unsuccessful carbon mitigation
projects as well as the irrevocable loss of biodiversity. In
order to rectify the discrepancies, more rigorous methods
including a greater emphasis on the collection of ground
control data are required. In addition, a standardized
description of the “forest™ class which takes into account
the heterogeneity and deciduousness of the dry forests as
well as every class included in a land cover analysis would
reduce the uncertainty associated with the current land
cover classifications. Because. as shown, some large-scale
global land cover maps are inherently unrealistic when
examined closely at the ecosystem or country scales.

The implications ol our study present a need for looking
beyond simple accuracy assessments of these products and
examining them in broader contexts such as environmental
services payments. Fassnacht et al. (2006) identify the
importance of understanding the limitations and caveats
associated with using products created from remotely
sensed data. The four key issues they identify are
differences in direct and indirect models. the difference
between class-based and continuous mapping models. scale

and accuracy assessment. Similar 1ssues illustrated in this
study strengthen the need for a stronger awareness about
how maps created from imagery should be used and the
technical limitations associated with such data. Never-
theless, there is no doubt that remote sensing 18 & powerful
tool for policy makers when used appropriately,
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Abstract

This article develops o methodology aimed ar penerating a systematic social diagnosis ol social und natural landseapes, The analyvtical
process is divided mto six easily replicuble and causatively connected steps. The goal is two-fold; first. to present the mexiricable
connections between physical landscapes and the communities that occupy them. And second. to provide a fundamental tool 1o public
policy designers that should simultancously improve social acceptability ol conservation policies and policy efficiency and effectivencss,
Finally, this methodology is consciously heterogencous from a theoretical perspective. This article puts together. in fraitful dialogue.
contributions [rom varying places on the social theary spectrum: from political économy (0 poststructurual theory,
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1. Introduction

During the last 150 years, the protection of nature has
evolved front an clilist pasy rempo Lo a wadely shared social
priority linked to local development. Although colonial-
Ism, expropriation and exclusion have been historical
descriptors closely associated with the conservation effort.
the rate of environmental degradation recorded during the
20th century leaves little room for doubl regarding the need
to protect the global environment from the global economy
(Saberwal and Rangajaran. 2003: Wilshusen et al.. 2002).

The social sciences in general have a long tradition of
public policy analysis. In the late 1980s, the application ol

an analysis rooted in political economy to ecological
conflicts resulted in the emergence of political ecology
(Blaikic. 1985 Bryant and Bailey. 1997). The goal of this
multidiseiplinary theoretical movement was to understand
the sociocultural context of environmental conflicts. payving
special attention to the political conflicts associated with
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natural resource management. Political ecology resists a
reductionist analysis of environmental conllict focused only
on proximate causes. Following the political economy
tradition, political ecologists implemented  multiscalar
analyses i order (o identify relevant but remote actors
and causes (Paulson and Gezon. 2005). Cognitive and
poststructural approaches that focused on the subjective
accounts ol environmental conflicts were integrated as part
of political ecology’s heterogencous theoretical and meth-
odological toalkit (Neumann. 2005: Robbins, 2004). 1t was
only a matler of time before work in political ccology
approached the design and consequences of conservation
policies (Guha. 2000; Neumann, 1998),

Notwithstanding a few excephions (Pena. 2003: Stocks.
2003). political ecology and the social scicnces in general
have tended to remuin on the fence. offering an arsenal of
unalytical tools to critically analyze the effects of con-
servation policies, bul not participating in their design and
management. The critical work has proven useful 1o
empower subaltern groups that had been abused by
national or international intlerest wroups (Brostug and
Russell, 2003; Peluso, 1992). It has also played a major role
in land restitution processes (Maluleke and Steenkamp.
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1998; Russell. 2005). In general, anthropologists, geogra-
phers and other social scientists appear as potential
mediators. interlocutors or translators between actors
engaged in active conflicts (Minnegal, 2005).

The goal of this article, drawing on the multiple
theoretical traditions of the social sciences, 1s to develop
a gystematic methodology that offers a social diagnosis of
any given landscape. Trained as anthropologists, the
anthors of this article rely predominantly on knowledge
and references produced from within their discipline. The
thrust of the argument presented here, however, as with
political ecology itself. draws on citations. case studies.
knowledge and concepts from the political sciences,
sociology, history, and geography, in addition to anthro-
pology. We are proposing a six step analysis that should
provide valuable baseline data fundamental to the design
ol ecologically and socially successful conservation poli-
cies. This methodology 1s consciously generalist and needs
a context-specific adaptation, but it points out basic social
variables that need to be considered when trying to
understand (and protect) a landscape.

2. Landscape and uncertainty

Landscape is a fundamental concept within any socio-
cultural analysis that seeks to relate society and nature
(Balee. 1998). A landscape is not simply a topographic
configuration sustaining a particular combination of
ecosystems. Nor should the analysis of a landscape
consider the space as a mere abstraction dependent upon
social processes. A landscape is the combination of
biophysical reality and the human uses, reconstructions,
and representations of it. From the ranks of historical
ecology the landscape has been “defined as the material
manifestation of the relation between humans and the
environment™ (Crumley, 1994, p. 6). Human agency,
however. cannot be understood with analyses that solely
scrutinize flows of matter and energy. The differential
cultural perception of landscape and natural resources is
fundamental to understand the aforementioned flows.
“Landscape relers o the organization of land and nature
at the scale of human experience” (Greenough and Tsing,
2003. p. 14). Decision making depends on cultural values.
Or as Hirsch puts it “There is not one absolute landscape
here, but a series of related, if contradictory, moments—
perspectives—which cohere in what can be recognized as a
singular form; landscape as a cultural process™ (Hirsch and
O'Hanlon. 1985, p. 23). Here. we will not suggest that the
analysis of a singular landscape cannol be achieved due to
the impossibilil‘y ol accessing all its possib]e representa-
tiong. On the contrary. we are in fact proposing a method
that offers data capable of informing conservation policies
while simultaneously sensing the multiple social perspec-
tives of the ecosystem configuration that we might
otherwise refer to as a “landscape.”

In previous decades. the complexity and scarce predict-
ability of social systems had separated “the social® realm from

the scientific world (Snow, 1939: Hollingshead, 1940). A
methodological abyss separated the unpredictable social
landscape from the tightly structured and assessable
biological landscape. However, during the previous two
decades of ecological thinking. concepts such as patch
dynamics, disturbance, stochasticity, and non-linear response
have overcome or replaced static and homeostatic models.
This intellectual process has resulted in the introduction of
unpredictability and uncertainty into the understanding of
ecological systems (Moran, 1984: Scoones. 1999: Winter-
halder, 1994). The acceptance ol this perspective has
necessary consequences [or the design and management of
conservalion policies (Zimmerer, 2000).

Contemporary ecology has also developed a theoretical
apparatus capable of inserting human beings into ecologi-
cal equations. Presently. the expression ‘anthropogenic
landscape’ relers not only to an extremely degraded or non-
natural landscape such as an urban center or landfill, but
also to species-rich. patchy environments with desired
biodiversity values (Posey, 1984). Human beings have been
accepted into the biological paradigm (Abel and Stepp,
2003: Botkin. 1990).

Within anthropology. for example, this sort of revolu-
tionary merger occurred forty years ago when people like
Steward (1955) and Rappaport (1968) attempted to
integrate environment and society as an interactive whole.
Their work, albeit limited to a materialist perspective,
anticipated an integrated conceptualization of humans and
nature. The subsequent development of cthnobiology at
the heels of cognitive anthropology. and the adoption of
poststructural and hermeneutic precepts included and
emphasized the role of culture in the discussions of the
interactions between nature and sociely. until then mono-
polized by more materialistic models.

3. Why conservation policies?

There are several elements that drive us to study
conservation policies. Some of them arc applied. and some
are theoretical. As mentioned earlier. in societies worldwide
there is a widespread sense of environmental erisis. In this
Malthusian perception of crisis, Lhe scarce resource is
‘pristine nature” and considerable resources are devoted to
its management. Most conservation policies, however. do
not happen in a social void. Most pockets of “pristine
nature’ have been historically inhabited and managed by
all sorts of human communities. In the name ol conserva-
tion, or on behalf of global or national ecological heritage,
innumerable acts of injustice and forced expropriation have
been perpetrated. On the other hand, many have pointed
out the emancipatory potential for minorities that con-
servation policies present (Stevens, 1997 Wilshusen et al.,
2002). Protected areas managed by or with local groups arce
tools of local development and of political recognition of
otherwise blurred ownership rights. The involvement of
social scientists, particularly those interested in microsocial
analysis, in the design and management of protected areas
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may have positive outcomes at several levels. These
objective facts play into lwo interesting fields ol reflection.

First, we acknowledge at the outset, that satisfactory
conservation goals can be achieved by developments other
than the setting-aside of a “protected area.” Indeed. it is
with the consideration of social variables that policymakers
often redesign or abandon protected areas as a means to
conservation ends. In thecory. the establishment of a
protected area is a political event designed to impacl
biological variables. The consequences of the transforma-
tions fostered by such a process reverberate across the
entirety ol the area’s social fabric. The creation of a
protected area entails a redefinition of administrative and
Jjurisdictional regimes extant in the area. These changes.
traditionally promoted by external entities such as states,
reorganize access o and control of the natural resources of
the area: they are territorialization policies (Braun. 2002;
Hannah, 2000: Peluso and Vandergeest, 2001). In general
these jurisdictional reorganizations divert control and
access to resources to external regulatory entities. This
control alfects not only ownership but also management.
Uses and productive practices fall under strict control and
often prohibition by the new public managers (Moore,
1998; Neumann, 1998).

Moreover, the rationale informing these new managerial
regulations, the protection of landscapes or marine areas as
national parks in particular, is often built upon urban
values (Williams et al.. 2002: Lee and Field. 2005). The
guiding principle is not about production of resources for
direct consumption by a local population. A protected
area’s management structure is organized around protec-
tion and promotion of natural values. Ecosystem inlegrity
and biodiversity preservation have become goals in
themselves with profound ideological and functional
ramifications, The area is also protected [for indirect
consumption by visitors (Duncan and Duncan, 2003:
Vacecaro and Beltran. 2007). The managers of conservition
policies additionally have the responsibility to decide which
kind of environment they want to protect. In other words,
they ure actually in the practice of environmental
engincering. which may result in radical alterations of
local ecological conditions. Notable examples include the
reintroduction of charismatic predator species such as the
wolf in Yellowstone, and the brown bear in the Pyrenees,
These initiatives do not necessarily coincide with the goals
and views of the rancher populations that surround or live
inside these areas or the timber or mining corporations that
would like to extract profit from them.

The entire process therefore is not merely a political
takeover, but it is also one which transforms the economic
life of the area as well as the collective identity of the
allected communities (Sivaramakrishnan and Vacearo,
2006). Conservation policies, until now. could not be
typically characterized as locally created and managed, On
the contrary, they are designed, funded, implemented and
managed by institutions. public or private, sited and
controlled from urban centers (Brosius and Russell, 2003).

From an applied perspective, microsocial analysis can
contribute to solving some of the fundamental conflicts
associated with the implementation of conservation poli-
cies. The fact that these policies are implemented over a
social stage often results in conflicts between park
managers and locals. or unsuccessful conservation due to
a lack ol managerial awareness of the local uses and
ecological knowledge.

As was previously stated, this picce is a conscious effort
to offer new tools for conservation policy design. Policy
success. however, is a concept that needs to be qualified.
Such suceess will be necessarily connected (o biodiversity
preservation and environmental justice associated with
some form of local developmenlt. There is no single recipe
to define success. but innumerable experiences have taught
us that a biodiversity preservation which results in further
degradation of the social circumstances for already
marginal populations— politically, socially, and ¢conomic-
ally marginal peoples—will collapse or at minimum suffler
extreme social pressures,

The next two sections arc devoted to the development of
a systematic approach explaining the potential of the social
sciences as an intellectual means through which practi-
tioners can better understand and inform conservation
policy design.

4. Environment and use: anthropogenesis

In 2001, Ismael Vaccaro, one of the authors, resided for
three weeks in the Aggtelekk National Park in northern
Hungary. The park was created to protect a network of
spectacular caves and an unusual combination of ecosys-
tems covering the high hills that connect Hungary and
Slovakia. One day, while walking across the forested areas
with one of the rangers. the author and a park official
intersected a tractor being driven by park stalf to the upper
meadows. When questioned about the purpose of this trip.
the ranger explained that they were going to plow the
upper meadows. The goal was to keep the forest at bay and
foster the conditions for the survival of an endemic species
of grass. Upon further questioning regarding the species
they were planting, the ranger said that they were planting
nothing in particular, but simply plowing.

The anecdote lends itsell to a discussion of the
interactions between environment and socicty through
productive practices. The region. densely populated until
recent times, contains heavily humanized ecosystems. This
area, as with most of rural Europe. has suffered a process
ol severe depopulation. The removal of a ““key species™ like
human beings has resulted in a “natural™ alteration in the
ecosystem. The park is attempting to conserve and protect
an environment that, although perceived and explained as
natural, is clearly anthropogenic. In order to do so. the
park has to mimic the traditional uses that were once
implemented by its now vanished loeal population.

The disappearance of humans from many protected
environments globally, due to exclusion or unforced
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migration patterns, has triggered ecological processes with
myriad consequences. In the Spanish Pyrenees the satisfac-
tion provided by recovering forests has been tainted by a
preoccupation with the state of these forests. Without rural
populations to work and manage them. the likelihood of
devastating wildfires has increased exponentially (Vaccaro,
2003).

Anthropogenic landscapes contain biophysical features
manipulated or generated through human agency. In many
cases, places deemed native, wild, undisturbed, and in need
of preservation, are actually the products of long and deep
histories of human impact and manipulation. Here we are
writing, of course, of the production of nature (Castree,
2000). Anthropogenesis is, thus, a key concept that allows
us to bridge the divide belween nature and culture.

Examples of ecosystems that depend on specific tradi-
tional managerial practices are too numerous to name here.
Examples of suppressions ol these practices by modern.
scientifically oriented managers are ecqually numerous.
Fire. as a suppressed managerial tool and as a biodiversity
enhancer, has attracted much attention all over the world
(Kull, 2004; Langston, 1995; Lewis, 1989; Mathews, 2003:
Pyne, 1997). Another illustrative example 1s ranching, the
use and management of the territory and the resources that
it generales, ils ecology. and the inhabitation patterns
associated with it (Ensminger, 1992; McCabe. 2004; Peters,
1994: Sayre. 2002).

The effective protection of a number of ecosystems
depends on the effective assessment of the impacts and
managerial characteristics of the traditional practices
historically implemented on them. Microsocial analysis
situates us in a privileged theoretical and methodological
posilion to assess this interaction and to design policies
capable of articulating social background and environ-
mental values (Aswani and Hamilton, 2004; Sepez and
Lazrus, 2003).

Anthropogenic landscapes and f(eatures may be asso-
ciated with systems focused on long-term localized use as
well as sudden exiractive practices. The former. often
related (o subsistence practices, have low impact indexes
that often translate into significant levels of sustainability.
In general. these practices channel productivity to local
households and maintain local welfare. The latter, asso-
ciated with the delocalized current global economic system
and with mass production directed towards a market
economy. is, more often than not, controlled by outsiders
not necessarily concerned with the long-term viability of
the system as a whole. In other words. anthropogenesis can
be related to all sorts of productive systems and it may
have very different consequences in terms of the ecology
and social fabric of an area.

5. Six steps towards landscape analysis: methodology
In this paper we want to formalize a simple six step

method that should allow for a basic understanding of the
gocial fabric of most landscapes. as well as the social

background’s connections with its concomitant ecosysten.
This systematization ol elements historically well known to
anthropology and other disciplines is an attempt to
convince social scientists and conservation professionals
alike of the policy design potential harbored within social
analysis.

As a heuristic device we will use a multilayered approach
that mimics the explanatory structure of geographic
information systems (GIS). In other words. cach of these
variables can be seen as a layer ol social meaning attributed
to the territory. The connection of all elements tells us
about the fundamental social elements relevant to the
management of natural resources in any given landscape.
Several of these variables are also easy to map, thereby
showing their distribution over the territory in question.
The correlation of this social diagnosis with the structure of
the area’s ecosystem should shed light on the potential
causality behind this structure: on the potential anthro-
pogenic qualities of the examined landscape. The under-
standing of the relationships between local practices and
ecosystem structure is fundamental for the conservation of
the latter. The acknowledgement of the rightful importance
of local managerial practices should also improve local
acceptance of the policy and have a positive impact on
local development.

5.1. Demographic patterns

In order to understand the social characteristics of any
given territory we must both assess the population in
quantitative and qualitative terms. and examine the local
demographic context of the inhabited area. Use of—and
pressures on—the natural resources of an area is necessa-
rily linked to the density and distribution of the human
populations to which the resources are connected.

Settlement patterns, and the demographics of the settled,
are fundamental variables that will allow for a basic
understanding of a given territory. Local inhabitants, lor
example, may be concentrated in villages, or dispersed in
homesteads. and these differing densities represent very
different social realities. Additionally, a population may
exhibit seasonal spatial behaviors (nomadic, transhumant,
or sedentary) and researchers would need to thoroughly
examine these temporal patlerns,

A historical approach should also unveil patterns
associated with migratory movements: dcpopulation,
repopulation, transfers from mountains to valleys, inland
areas Lo coasts, or rural to urban areas. There are strong
connections belween population distribution and  the
economic and political systems in place. Demographic
fluctuations are not isolated data butl reflections ol larger
processes at play.

Peters (1994) has described significant changes in
demographic aggregations in Boiswana, and succeeds in
linking them to ecological, economic and political changes
associaled with the creation ol water boreholes as a
consequence of development projects. She points to
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increasing levels ol concentration and sedentarization
related to year round water availability. Thus. this example
18 one ol many that demonstrates that natural resource
sustainability and availability is alfected by such popula-
tion shifts and vice versa.

In the valley of Lillet. in the central Catalan Pyrenees.
high levels of dispersed populations spread across the
mountain ranges. visible in the 19th century, declined until
almost disappearing while the valleys below were filled with
factories and mines. The global oil crisis of the 1970s set the
conditions that led to the dismantling of these factories and
mines. Consequently, the relatively large towns of the
valleys entered into a process of acute depopulation. The
demographic records from the period show a migratory
movement towards the cities of the lowlands. The land-
scape has been deeply affected by this succession of
demographic changes. The agricultural landscape of the
19th century was replaced by empty slopes ravaged by the
needs of the mines and the factories. During the last 30
vears forests have been in a clear process of expansion due
to the lack of human pressure. The understanding of the
landscape thus. requires a deep understanding of the
historical demographic patterns.

Fairhead and Leach (1996), in their classic picce on
Guinea Conakry, demonstrated the connections between
concentraled settlements and lorest expansion. Over lime,
the physical overlap of villages and forest clusters was
striking. and this relationship between demographic
distributions and ecological attributes was at the base of
their study.

Similarly. in coastal areas, population levels and ethnic
distributions within communities are linked to the ways in
which these communities will accepl or integrate environ-
mental policies affecting adjacent marine areas. including
marine protected areas (Christie et al., 2003).

As with the mountainous areas of Spain, coastal areas on
the United States Pacific coast have faced major demo-
graphic shifts characterized by depopulation. Initially,
resident Native American communities. which were involved
in particular management and extractive pursuits as well as
ownership regimes. were nearly wiped out by introduced
diseases and subsequent violent conflicts with Euro-Amer-
ican settlers. The resultant depopulation paved the way for a
Euro-American repopulation based on mining and novel
extractive uses that shifted seascapes and adjacent land-
scupes away [rom a salmon economy (Beckham, 1971). A
more recent change reflects depopulation in some of the
same arcas due to the decline of natural resource industries,
such as forestry and fishing. Rather than face rapid
depopulation. some communities have worked to develop
demographic shilts which reflect a community in transition
from a natural resource-dependent entity to one dependent
on a tourist or retiree economy. Such a community, visible
in its demographic analysis. may be more likely than a
fishing-dependent community to accept prohibitions on use
and extraction from an adjacent marine or terrestrial
prolecied area.

3.2. Property regimes

A second significant level of analysis iS centered on
property regimes. Understanding the ownership of land
and natural resources 18 fundamental to understanding the
uses of natural resources in the territory, and the actors
involved in their utilization. These uses ultimately have
significant consequences with respeet to the general
configuration of the landscape.

Ownership is a sanctioned. hence legitimized, social
acknowledgement of the Tights of an individual or group of
individuals over something. It is a contract—a social
relationship—between individuals (Hann, 2003). The rights
to possess and dispose, 1o exclude others and manage
resources. are not universal, Certainly dilferent cultural
contexts have offered varying means of defining and
enacling possession.

An accurate social analysis of the landscape will
necessarily include an understanding of the property
regimes in place. The establishment of a conservation
policy should account for and articulate with previous
structures of ownership. Even the conservation effort itself
requires a deep understanding of property regimes. L[ an
area contains an especially significant habitat, it is of
fundamental importance to know who has owned thig area
and how it has been managed in the past. Obviously, extant
management may have been at the root of this ecologically
valuable habitat. Simple expropriation and total exclusion
may very well result in the destruction of valuable habitat.
So. protection may easily require a symbiosis between
modern means of protection and traditional and prior uses
(Johnson and Nelson, 2004).

The understanding of property regimes, however, is not
limited to identifying the absolute owner of a given piece of
land. Ownership is. at its essence. a bundle of rights (Ostrom
et al., 2002). Although in modern terms we lend to focus on
absolute ownership, this upper level of possession can. and
usually is. divided into several tenancy levels. In other words.
absolute ownership does not always coincide with manage-
rial jurisdiction. or diverse levels of usufruct. An owner can
delegate. cede. or lease, the right to manage, and the right to
use a particular resource. These different levels may be
exercised by a single individual or institutions, or they may
be shared by dilferent actors (Hann, 2003: Verdery and
Humphrey. 2004). The understanding and management of a
social and ecological landscape requires an assessment of
ownership. Do the people who work and Tive in the fand own
it? Or are they landless peasants paying rent to powerful
absentee owners? Were the managerial decisions that
contributed to the formation of the current landscape taken
locally or by external powers?

Legal ownership however, does not exclude de facto use
of territory and resources. Illegal uses or eccupations are
common and are often associated with conflicts between
systems of legitimacy. ‘Poaching’ and ‘trespassing’ are
concepts associated with the aforementioned distinction
that is so relevant to conservation policies (Gibson, 1999),
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Although cach specific case will require a context specific
analysis. ownership regimes can be divided into five general
types: (1) territory and resources can be owned by the state,
(2) territory and resources may exist as common property.
(3) as private or (4) corporate property. or they may exist
as (5) ‘open access’ (Ostrom et al., 2002). Each of these
ownership types implies different actors with different
managerial approaches, as well as different levels of
legitimacy. and potential levels of excludability.

When pursuing the analysis of property regimes it is
important to understand how categories of ownership are
locally defined. For instance, in many modern Western
socleties, seascapes and maritime resources have usually
been considered and treated as open access, Although the
temptation to universalize this open access character of
coastal waters is strong. several researches have shown
that in non-Western geographical and cultural locales
more strict ownership regimes have traditionally been
applied to the sea (Aswani. 1999; Johannes, 1991: Norman,
2007). The same caveat applies to other areas, including
forested areas and graze lands that have otherwise been
understood as common property (McKean, 1982; Netting,
1981).

The analysis of property regimes requires a dual
methodological approach that combines archival research
with ethnohistory. The work on property and cadastral
registers should reveal the modern and legal, state-
sanctioned, ownership structure of an area. This, however,
is not sufficient in an examination of the complex
structures that manage a given territory. The recollection
and analysis ol ethnohistorical accounts should unveil the
local rules and perceptions of ownership which, as
mentioned carlier, will not necessarily coincide with the
contemporary legal registers.

3.3. Managerial institutions

Associated directly with property regimes are managerial
institutions, the political structures designed to organize
and regulate agency related to owned resources (Agrawal,
2002). A discussion on managerial institutions speaks to
the widespread [ailure of many conservation areas to
generate acceptance and retain legitimacy in the eyes of
local populations. B

Property theorists have pointed out that particular
institutional attributes. the strength of monitoring struc-
tures for example, are key in making predictions about the
capacity of an institution to purposefully manage re-
sources, whether the desired end 1s conservation or
equitable distribution or some other goal (Ostrom. 1990).
Further. in the history of environmental management,
management institutions imposed on a community from a
distance are often met with resistance by local groups. and
“top-down management” in general has been widely
eritiqued (Acheson, 2000: Ostrom, 1990: Sharp, 1998). In
many cases. “top-down management” for conservation
ends may be understood as another extension of state-

building and state maintenance processes (Scott, 1998:
Sivaramakrishnan, 1999; Vaccaro, 2003).

For this reason. efforts aimed at designing “‘community-
based management”™ or “co-management”, or other
variants on this policy theme. have evolved in multiple
natural resource management scttings globally (Stcvens,
1997: Usher, 1995). In these efforts, local institutions are
enlisted 1 a larger effort Lo protecl a resource or area.

Nevertheless, in some instances, local institutions are not
culturally designed or equipped for novel conservation
demands. In remote marine-dependent parts of Indonesia,
the attempt to give ritual sasi—a temporary. chiefly ban on
harvest from marine and reel areas—a broader policy
meaning and enforcement capacity led to local social
unrest and political disruptions not anticipated by external
managers (Zerner, 1994). This dramatic failure, among
others, suggests that rigorous institutional research, on the
local and larger scales both, would need 1o precede any
policy design.

In the analysis of managerial institutions, researchers
first need to systematically inventory the variety of
institutions present. Management institutions may be
formal or informal. culturally traditional in nature, or
highly bureaucratized. They may be initiated and main-
tained on multiple government levels, including local
entities (e.g. tribal councils). regional bodies (e:g. multi-
state management commissions), federal agencies (e.g. the
U.S. Department of the Interior) and even multi-national
institutions (as with trans-border protected areas including
the Torres Strait Protected Zone or the continent of
Antarctica). Resource managemenl institutions may also
be public or private in their structure and design.
Microsocial analysis facilitates the identification of entities
in each of these categories, allowing lor the analysis and
consideration of local institutions frequently overlooked in
policy design.

After the institutions have been surveyed, research into
both the institutional history and the political and eultural
interplay between the institutions needs to be conducted.
Institutional attributes can frequently be linked to manage-
rial success. and researchers would need to characterize the
institutions according to a tested list of variables, including
the presence of conflict-resolution mechanisms. rule con-
gruence and clarity ol membership or coercive rights.
Common property theory provides a rich literature in this
regard (Ostrom. 1990).

3.4. Productive practices

Once we know about demographic distributions, prop-
erty regimes and institutions with managerial jurisdiction
over the area we seek to protect, we necessarily need Lo
focus on productive practices. The three previous metho-
dological steps provide, so to speak. a [ramework (o
understand the relationship between society and ecology.
An analysis of demography. ownership regimes and
institutions, identifies actors. their distribution across the
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landscape. and the jurisdictions and institutions with which
they mteract. The analysis of productive practices—the
uses ol territory and natural resources at its most basic—
looks toward agency. and the physical interaction between
actorg and the environment (Steward. 1955; Butzer, 1982).

The possibilities for this economic interaction are multi-
ple and as diverse as any possible combination of ecology
and society. The physical production of goads could
include hunting, gathering, fishing. a range ol agricultural
activities (from swidden practices to industrial agriculture),
ranching. massive industries of extraction and transforma-
tien. and tourism and ccosystem services in general.

The traditional approach in conservation policies has
been to exclude and prohibit productive practices inside the
boundaries of a protected arca (Wilshusen et al., 2002).
This perspective ignores two important factors that may
havea key impacl on the success of a protected area. First,
to singularly prohibit all productive practices in an area
may suddenly suppress important or key income sources
for the population living inside or around the protected
arca (Haenn, 2005). This development will likely result in
resistance to and a boycott of the protective effort by the
affected locals (Guha, 2000). Second. it is probable that
important ecological features of the protected area may
depend for their existence on specific local uses ol resources
(Lewis, 1989), The prohibition of these uses, then, will
result in the loss of ecological richness. So. the effective
management of a protected area requires an intimate
knowledge of the internal dynamics of this landscape,
including the interactions between nature and society
through productive practices.

The assessment of the productive practices of a society
within a territory results from the analysis of the economic
life of its inhabitants. The connection of these practices
with ownership regimes and local managerial institutions
will open the door to a discussion of the political econamy
within an area. Classic ethnographic collection of data.
including time allocation and income surveys, will allow for
more ready identification and description of productive
activities. The time allocated to each activity as well as the
relative importance of the income it produces would tell
researchers about the economic and social relevance of
each activity.

The localization ol these practices within a territory,
taking advantage of the knowledge previously developed
with respect to ownership. should allow for the identifica-
tion of their ecological impacts: does a practice degrade the
ecological integrity of the area’ 1s it a biodiversity-
enhancing practice? Is the role of the activity in the local
ecology indeterminate?

In any case, the point is that without a clear under-
standing of what has been or what is being done with the
landscape, and without local political integration. manage-
rial decisions lack a clear basis for support. Furthermore.
traditional managerial practices are often informed by a
deep historical knowledge of the local ecological conditions
of the area. Conservation policies that ignore the local

cultures of nature are wasting a precious resource that
could prove essential to a better design of the poliey itself
(Aswani, 1999: Stevens. 1997),

A combination of anthropological and ecological rescarch
has demonstrated. for instance. that traditional horticulture,
with its multilayered and diversified species composition,
includes the fundamentals of sound agroforestry. Horticul-
tural gardens. so often criticized because of their back-
wardness, foster biodiversity by multiplying the ecological
niches available in a given area. and by the implementation
of well-grounded fallow ¢ycles (Altieri, 1995). Such analysis
certainly does not apply to the monocrop plantations of
contemporary industrial agriculture.

5.5, Culrures of nature

The previous [our levels of analysis offer a ncarly
complete picture of the social characteristics of any
landscape: demography. property regimes, managerial
institutions and productive practices. However, a materi
alistic analysis of flows and structures must be comple-
mented with a more hermeneutic approach (o landscape
management. This approach entails, first. an identification
of the main actors living and involved with the manage-
ment of a specific landscape. The second step implies an
assessment of the specific perspectives on nature and
resources which each of the involved actors holds.
Although a given landscape is a unique and tangible
biophysical reality, the way in which this tangible reality is
perceived and culturally constructed is fundamental in
understanding the way multiple actors interact with the
environment. It is important to examine the cultures of
nature present and active in the area (Lowe, 2004).
Landscapes are far from homogeneous cultural construc-
tions no matter where they exist. As Raffles writes:

Locality is both embodied and narrated and is. as a
consequence. often highly mobile: places travel with the
people through whom they are constituted. ... A locality
emerges in complex ways through the multiple practices
of numerous individuals in the midst of various situated
projects. Its location is never secure and is always in
need of realfirmation and redefinition .... There is a
clear tension here between fragmentation and prolifera-
tion of a unitary concept of loecality, and the fact that
locality is always ... shared (Raffles. 1999. pp. 324-328)

In the mountains of Spain. lorest engineers see the forest
as 4 productive unit to be managed in order (o extract the
maximum sustainable yield. Biologists look at it as a group
of ecosystems that sustain valuable species in need of
protection. Farmers. on the other hand. perceive the forest
as the limit of their world. To them, the (orest is 4 wall that
separates them from the beasts. The landscape cannot be
understood without the agencyr that each one of these
groups exerts over it. And by agency we refer to the
capacity of human individuals and societies to shape their
worlds with intentionality. Agency, however, cannot be
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analyzed without understanding the cultural backgrounds,
values, and goals associated with it (Knight, 2006:
Theodossopoulus. 2003). Depending upon whether the
goal is the production of short term benefits on a mass
scale, self-sufficiency. or conservation. resources would be
managed differently.

Furthermore. agency is informed by the specific knowl-
edge that each group of actors has developed about it. It is
of utmost importance to understand how knowledge is
produced and transmitted. Successful conservation needs
to incorporate information on how resources have been,
and are, managed by all the social actors present in the area
designated for protection (Hunn et al., 2003). In addition,
knowledge is nol an innocuous element. Its accepted
validity and its legitimacy will have fundamental political
consequences (Foucault, 1991). In other words, actors who
succeed in imposing a perspective of nature will succeed in
imposing a concomitant managerial perspective. Presently.
the vast majority of the world is under some national
jurisdiction, and the form of knowledge accepted and
managed by stale bureaucracies and technocracies is
modern science.

Most current conservation policies are sustained by
modern actors to which science is the main cognitive and
managerial tool. In general. parks and reserves are public
policies sustained by states and multilateral organizations,
or private initiatives funded by non-governmental organi-
zations. In both cases science plays a major role in their
decision-making processes. Discourses about the need for
explicit conseryation were or are often originating in urban
settings (Smith and Wishnie, 2000).

The analysis of human agency also has to include an
analysis of the political power held by each of the actors
involved. The creation of protected areas is a political
process that requires a scrutiny of the values, goals and
methods used by the social contenders (O'Neill, 1996).
Discourse analysis is a primary tool to dissect the texts and
statements produced by the social actors (Brosius, 1997:
Nazarea, 1999).

Scientists do not share a single, unified point of view,
independent of their disciplinary tradition. institutional
context, and professional goals. Disciplinary traditions and
professional goals do matter. The analysis of the cultures of
nature interacting in a landscape will have to take into
account the different perspectives of forestry. mining, road.
and hyvdraulic engineers, as well as biologists, climatolo-
gists, geologists, geographers, and cconomists, among
others. Moreover. an analysis will not be complete unless
we associate cach one of the actors with the institutions
that pays his or her salary. Forest engineers working for
the department of agriculture may generate completely
different conclusions [rom forest engineers working for the
department of the environment. even when both usec
precisely the same methodological tools (Guha, 2000:
Moore. 1008 Sivaramakrishnan, 1999; Sodikoff, 2005).
While the institutions in which scientists are situated may
shape the science generated, scientists are nevertheless

shaped to some degree by the environment as it is
encountered and observed by them. Field scientists and
technical managers operate on a basic environmental
substrate regardless of their institutional pedigrees (Ingold.
2000; Mathews, 2003).

The analysis of the scientific knowledge generated about
a landscape and its natural resources does not exhaust all
the potential venues of reliable knowledge about a place.
Through the years, ethnobiologists have been capable of
identifying extremely detailed systematizations of knowl-
edge about local environments developed by “traditional”™
communities that existed without access to modern science
(Berlin et al., 1974; Conklin, 1975: Gonzalez. 2001).

The design and management of conservation policies has
to comprehensively examine local cultures of nature. These
cultures of nature are an important source of knowledge
generated with years of careful observation and experience.
And. equally important. consideration of local cultures of
nature incorporates local perspectives into the design of
these policies. Locals become shareholders in the policy
with greater interest in the success of the policy itself.

The analysis of the cultures of nature present and active
in the area cannot, however, be relegated to locally
contextualized descriptions of nature. Such an analysis
requires the inclusion of systems ol values developed by
each community and associated with the management and
use of natural resources—a local moral economy if you will
(Polanyi, 1944; Netting, 1981: Thompson. 1966). Manage-
rial practices are not developed in a moral vacuum. They
serve the socially accepted goals of the community that
generated them. This fact confers legitimacy on them. Any
attempt to regulate a landscape has to address. or
understand, the moral economies articulating collective
agency in the area. The imposition of a particular set of
rules that disregards others is likely to be resisted (Guha,
2000; Neumann. 1998). The opponents ol a conservation
area more often than not are the inhabitants of the area
affected and are quickly identified as poachers, trespassers.
or bandits, and subsequently prosecuted (Gibson, 1999
Jacoby, 2001). Attention to moral economies will benefit
management, particularly with regard to considerations ol
ancestral fishing, hunting, ranching and gathering rights,
which are significant, for example, in many of the national
parks of Alaska (Hunn et al. 2003). Enclosure or
privatization of resources held and managed in common
may result in the violation of historical collective rights and
awaken organized resistance (Vaccaro, 2007).

As mentioned in the previous section. the triad of
knowledge. values systems. and productive practices have
considerable impacts on collective and individual senses of
identity. Human beings become social individuals through
a culturally contextualized process ol socialization. Most
conservation policies assume that the
resources available to local communities as a result ol the
enclosure measures will be compensated for by the
emergence of new sources of revenues associated with
eco-tourism. The transition from agriculture. fishing,

reduction of
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ranching. or timber harvesting activities to tour guides or

hostel manager is nol an easy one, from the perspective of

mfrastructure, but also fromi an intellectual. cultural and
emotional perspective.

5.6. Anthropogenic features of the landscape and ecosystem
correlation

Conservation policy design, traditionally, has only
accounted for a series of natural values thal seem to be
worth protecting, In general, there has been little or no
consideration ol the social backgrounds in which these
natural values have thrived or survived. Thus far. we hope
to have demonstrated the limitations of an approach that
ignores variables that may have a fundamental effect on
the values that we are trying to protect.

The combination of the previous five steps ol landscape
social analysis with the ecological map of the area should
provide even more information. The comparison ol species
distributions and concentrations with property regimes,
oral history, and uses of the territory could unveil
fundamental causal relationships between the social and
the biological elements. and elucidate the connections
between human inhabitation and ecosystem configuration.
The understanding of these connections is a sine qua non
precondition for the design of a just and successiul
conservalion policy.

During past decades the term “anthrepogenesis™ has
been associated with features of the landscape that show
high levels of ecological degradation brought on by human
intervention. Paradigmatic examples could be open-air
mining operations, landfills. dumpsites and so on. Histor-
ical ecology. however, asserts that the history of every
landscape cannolt be written without payving close attention
to the impact of human habitation within the area
(Crumley, 1994; Balee and Erikson, 2006). Roosevelt
(1989) and Carneiro (1995), for instance, describe the
evolution of Amazonia’s ecological structure and pro-
cesses, linking it unquestionably to its different historical
phases of human habitation.

Globally omnipresent discussions aboul concepts such as
how to define or deal with invasive, beneficial, endemic. or
ornamental species, benelil from an accurate understand-
ing of the study of economie, social and ecological fluxes
(Crosby. 1986; Grove, 1993). The productive history ol an
area with its connections to timber extraction (Haenn.
2005). plantation economy (Stiffler and Moberg. 2003).
fisheries extraction (Acheson, 1988), or endemic warfare
(Wiessner. 1998) may hold the key to understanding the
current ecological situation of its territory. The ecological
distribution of the area and the distribution and predict-
ability of its basic resources may, in return. offer also clues
to understanding the patterns of human occupation and
use (Dyson-Hudson and Smith. 1978).

In the eastern Pyrenees. an area traditionally devoted to
timber extraction. the forests have been dominated by
pines for centuries. In these areas, oak and beech are

actually the naturally occurring species. The depopulation
of the area over the last 30 years has resulted in a slow
recovery of oak and beech. These forests, at least in their
species composition, are clearly anthropogenic.

In the western Torres Strait between Australia and
Papua New Guinea. small uninhabited islands are fre-
quently home to multiple coconut trees. While coconut
palms, as a species, are readily distributed by natural forces
(e.g. wind and waves), an ethnohistorical analysis suggests
that on some of the islands. coconut groves were the
products ol anthropogenic propagation by ancestors who
maintained property rights at a great distance from home
villages and encampments. including on uninhabited
islands (Norman. 2007).

In the aforementioned West African example brought Lo
the fore by Fairhead and Leach (1996). 100 yvears ol
colonization, followed by independence. combined with
science and development, had produced an environmental
discourse that considered the forest a remnant ol history.
whereas the savannd was a man-made assertion inte a
declining primeval forest. Their research. drawing on local
knowledge and aerial photograph analysis. suggested
exdactly the opposite. The savanna was not the result of
aggressive local managerial practices, and the forest was
the result of the collective elfort of each village. Villages
had created forest cover as an anthropogenic barrier
between the houses and the beasts, keeping away, as well,
the wildfires from the human inhabitants of the savanna.

In sum, the potential anthropogenic origin of ecological
features must not be ignored. The implementation of the
proposed five steps of social analysis and correlation with
traditional ecological mapping can become a powerful (ool
to understand complex landscape dynamics and help on its
successful management,

6. Conclusions

Conservation policies are much more than ecological
engineering projects, and their ultimate viability does not
solely depend on thorough assessments of ecosystemic
distributions. Conservation policies are social projects on
several levels. First, the environmental structure of any
given area is not the exclusive result of non-human
biophysical interactions. Anthropogenesis—human agency
over the landscape—is a major factor in the shaping of
ecosystems. Second, conservation policies are, in (heir
inception and in their consequences, palitical projects and
social processes. They are political i their very inception
because they are created and implemented by institutions
regulating public issues associated with natural resources
management. The legal process of conservation arca
declaration is in itself also pohtical. They are political in
their consequences because the management of natural
resources includes decisions about access to said resources.
Political and economic power alfects—and is affected by—
these managerial decisions. Conservation policies are
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exclusionary in nature because they set jurisdictional
boundaries.

The goal of this article is twofold. First. the article seeks
to link anthropology and related social sciences including
geography. economics, political science and sociology. to
ccology and conservation. Secondly, it introduces a
gystematic methodology that shows the potential contribu-
tions that social sciences can offer to landscape analysis
and, hence. conservation policy design. analysis and
management.

This method, as discussed above, includes the analysis of
demographic patterns. property regimes, managerial in-
stitutions, productive practices, cultures of nature, and
their correlations with anthropogenic features of the
landscape. We do not claim that this is a comprehensive
way of analyzing the social and ecological variables of a
landscape. but it offers a first approach at a sct of data
relating ecology to society. It identifies a set of fundamental
social variables that need to be taken into account by
rescarchers and managers in order to fully understand a
landscape in its social. but also in its ecological composi-
tion. Such data could prove to be the key to significant
improvements in any given conservation policy. The
generality of the variables discussed allows [or, once locally
contextualized of course, widespread applicability in most
contexts around the world.

Accepting the significance of the social background of a
landscape while designing a conservation policy will
improve its internal coherence and functionality; will
accentuale its perceived legitimacy; and as a consequence,
promote local acceptance. The process of social data
gathering and negotiation results in the de facto incorpora-
tion of local knowledge, local institutions and local
individuals into the creation and management of the
conservation policy. In many of the legal texts guiding
the creation of protected areas and the use of natural
resources, considerations of significant social elements have
now been explicitly advocated. Local participation has
become a key element that managerial institutions all over
the world, with more or less success. are trying to explore
and incorporate (Macinko and Bromley, 2002; Environ-
ment Australia, 2002; Russell and Harshbarger, 2003).
Such incorporation translates into local participation and
local empowerment, both of which are much needed in a
political process that otherwise results in the frequent
exclusion of locals from historically accessible resources.
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Abstract

In many river floodplains in the UK, thére his been a long history of food defence. land reclamation and waler regime manigement
lor farming. In recenl vears. however, changing Furopeun and national policies with respect 1o furming. environment and food
management are encauraging a1 resappraisal of land use tn rural areas. In particular, there 15 scope Lo develop. through Lhe use of
appropriale promotional mechamsms. washland areas. which will simultaneously accommodate winter inundation, support extensive
farming methods. deliver environmental benefits. and do this in o way which can underpin the rural economy. This paper explores the
likely cconomic impacts of the development of flood storage and washland creation. In doing so. consideration is given Lo Teasibility of
this type of development. the environmental implications for o varicty of habitats and specics, and the financial and instititional

mechanisms required o achieve implementation.
¢ 2007 Elsevier Lud. All rights reserved.

Reviords, Flood defence: Land use: Washlunds: Agri-environment

I. Introduction

Flood defence for farmland has (or many years been an
important element of Britain's production-oriented agri-
cultural policy, Many floodplain areas benelited [rom
publicly funded flood defence and land drainage schemes.
which reduced crop damage and facilitated a change Lo
maore inlensive farming systems. In recent vears. however.
the limits of these floodplains have been demonstrated hy
fluvial floods during the winter months (English Nature.
2001a). Further. the move lowards decoupling under the
MacSharry and Agenda 2000 reforms of the EU Common
Agricultural Paolicy (CAP). and the more recent introduc-
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tion ol the single payment scheme (Defra. 20044 b) and
cross-compliance (Defra, 2004¢), has meant that current
policy emphasis is directed towards environmental en-
hancement and diversity of economic actvity, with
diversion ol funds away from support lor farm outputs.
This huas encouraged a re-appraisal of land use in rural
dreas encompassing  [arming. environment and  flood
management, including an examination ol (he scope [or
the positive creation of flood storage [acilities (Morris et
al., 2004a). These could provide reliel (o areas presently
subject to unacceptable flooding. reduce the need [or
expensive Hood defence measures elsewhere 1 the cateh-
ment, help the management of scarce (reshwaltcr resources.
provide wildlife und amenity benefits and. through ecredits
for flood storage and extensive farming methods, provide
alternative sources of income to land managers.
Washlands. which are flood storage areas used during
times ol high flow to reduce flooding in other parts of the
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catchment (English Nature, 2001a), arc one mechanism for
flood defence and management (Environment Agency,
2002). For the purpose here. a washland is defined as an
area of the natural floodplain that is allowed to flood or is
deliberately flooded by a river or stream for flood
management purposes, simultaneously providing potential
for a wetland habitat (Morris et al. 2002, 2004b).
Wetlands, as defined by the Ramsar Convention (Article
[.1). encompass 4 wider variety of habitats. In line with the
Ramsar definition, Barbier et al. (1997) define five broad
wetland systems. of which riverine—Iland periodically
inundated by river over-topping —is one and closest to
the washland concept.

I[n addition, to their potential contribution to commit-
ments in the Ramsar Convention. washlands may also have
a role in the context of the Water Framework Directive
(WED) and 1994 UK Biodiversity Action Plan (BAP)
targets. The WFD (Directive 2000/60/EC) has a require-
ment for an integrated approach to water management at
the catchment level. This may present opportunities to
improve the management of flood risk through washland
creation. Washlands also provide real opportunities to
enhance biodiversity and thus contribute to meeting UK
BAP targets (Detr, 1995). Floodplains contain several
important habitats, including grazing marshes, fens and
reedbeds, and the landscape. wildlife and/or historic
interest can be of national, if not international. importance
(Joyce and Wade, 1998: Wilson et al., 2004).

The environmental importance of floodplains within the
UK has long been recognised with the establishment of a
number of floodplain environmentally sensitive areas
(ESAs) under agri-environment policy (English Nature.
2000: Delra, 2002). In addition, the recent review of UK
strategy for the management of flood risk, aptly entitled
Making Space for Water (Defra. 2004d). identifies a clear
role for land management in general and washlands, which
integrate habitat and flood management in particular.
Finally. the launch of environmental stewardship (Defra.
2005a. b), replacing existing schemes such as countryside
stewardship (Defra, 2003a) and ESAs. includes objectives.
primarily under higher level stewardship, for flood
management, specifically, ‘to provide additional flood
water storage and flood delence through the restoration
and recreation of wetland habitat for other objectives’
(Defra, 2003b). N

The remainder of this paper. using a study of the mid
and lower Parrett catchment within the Somerset Levels
and Moors ESA in south west England (Morris et al..
2002), explores how public funds might be used more
effectively to improve flood risk management through the
appropriate use of agricultural land in ways, which reduce
the adverse effects of unwanted flooding and simulta-
neously exploit the beneficial opportunities that managed
storage of flood waters would bring. The feasibility of
waghland ereation and potential environmental benefits are
considered. before focusing on the impacts of washland
creation and the financial and institutional mechanisms

required to achieve implementation. In this respect. the
paper provides an example of the opportunities that exist
for ‘joining-up’ policy regimes and funding mechanisms
regarding farm income support, nature conservation, flood
risk and water resources managemenl. especially during
this period of considerable policy reform.

2. Feasibility of washland creation

Catchments can be classified into a number of zones,
which vary in terms of topography. hyvdraulic character-
istics and potential contribution to flood storage manage-
ment. Within this there may be a number of options
including temporary storage and managed evacuation of
water in the lower levels and holding back potential flood
waters in the middle catchment.

The suitability of potential sites for washland creation
depends on a large number of factors: technical, economic.,
environmental and social. Hydraulic potential should be
the initial selection criterion, followed by other crileria
which reflect opportunity for environmental enhancement
and likely social and economic impacts.

In the Parrett catchment, criteria for screening site
selection for storage were developed and applied (Morris et
al.. 2002, 2004b). These were hydraulic suitability (ease of
filling, evacuation and containment) existing flooding
regimes. opportunity for environmental enhancement.
suitability of land use. and site constraints such as that
imposed by settlements and infrastructure.

3. Opportunities for environmental enhancement in
floodplain areas

Just as commercial agriculture requires suitable water
regimes, so do environmental and ecological characteristics
and processes. The waler regime requirements of features
of the natural environment can be defined in terms of
inundation and groundwater levels and these very amongst
species and habitats during the course of the year.

The main conservation objectives in the Somerset Levels
and Moors concern wintering wildfowl, breeding waders,
rare aquatic invertebrates and diverse aquatic plant
communities, species-rich lowland wet grassland features,
and the wider wetland. These objectives are pursued
through the designation of Special Protected Area status.
Ramsar and SSSI sites. and the Natural Area Biodiversity
Action Plan (English Nature, 2001b). In that these
objectives require management of water regimes, with
respect to both flooding and groundwater levels, they can
be met through judicious management of lood storage
areas and washlands.

Fig. 1 illustrates the variation in water regime require-
ments, measured in terms of depth of the walter Lable lovel
from the surface, for selected environmental characteristies
during the calendar year. The gap in the diagram which
runs through the year shows the minimum and maximum
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heights of water tuble levels which would satisfy the water
regime needs ol specilic characteristics,

Wintering wildfowl require controlled water levels over
critical minimum ureas during the winter period (Decem-
ber-February inclusive). and a mix ol splash (up to 10em
deep). shallow (10 30em deep) and deep (30 75¢m)
looding. Tt is recommended that each ol these arcas
should be at least 20 ha ideally in proximily of each ather
(English Nature, 2001b), If this was the case. a tolal area of
60 ha would be required. Breeding waders require water
table levels, which are at least within 33cm ol the surface
during the March 10 end June period inclusive. More
generallv, arcus should be fMlood free alter miid Murch.
except lor some surface pools and water tables at around
2 em of the surface in eurly spring. It is recommended that
managed units should be ubout 30 hu in size. with a mix of
ficld warer level conditions.

Fig, | also shows that there is general tolerance to
looding during the winter months. Indeed. wintering
wildfow!l are attructed by this condition. Of course. other
Fauna. such as small mammals, would need 1o be able to
take refuge on higher ground during flood periods.

Further. there is a wide range of different plant
communitics found within the fleodplain areas which vary
greatly in their response Lo water regime. They can be
divided into three broad groups according 1o their species
characteristics: species-rich communities, washland com-
munities (inundation grassland. swamps) and speciés-poor
agricultural communities.”

Species-rich communities cannot tolerate inundation by
surfaee waler for more than a few days during the spring
and summer (Mareh September). and they require water

“Thus is ased upon the Bridsh Netjonal Vegetution Classification, For
further information refer to the Bririch Plant Communiies series edited by
TS Risdwcll (1991,

Water regime requirements for environmental characleristics.

tables that are at least 20¢m below (he surface during the
mid-Muarch to end-June period inclusive. Several of (he
plant communities have specific water regime require-
ments. For example. Craosurus cristatus—Caltha palusiriy
(MG8) Hood pasture requires a constant water table
throughout the summer. usually within the top S0cm of
the ground surface. Alopecirus  pratensis—Sanguisorba
officinaliy (MG4) hay meadow can tolerate a deeper waler
Lable (over a metre in depth) in the summer, These plant
communities are of high conservation value. which have
developed under traditionally low-input agriculiural man-
agement.

With respect 1o the two other broad groups. washland
plant communities are tolerant of extended periods of
flooding with regular inundation of surface water. They
can provide a valuable grazing source lor wildfow! and
summer grazing lor stock. The agricullural communities
can be divided into two groups. Improved grassiands.
which tend to be dominated by one or two grass specics
such as Lolium perenne. These grasslands are rarely Aooded
and support intensive grazing and siluge, Wet meadows
and rush pastures are considered unproductive agricultural
land as they are found on permanently moist soil. they ean
provide wvaluable habitat for breeding waders, which
require tussocky grasslands and rushes as well a8 soft ol
[or leeding,

Table | summarises the tolerance of the main types of
grasslund communities to flood regimes during winter and
summer periods. and thereby the water management
criteria that must be satisfied (o secure these communities.
The table also shows the equivalent values [or dry matter
(DM) and uulisable metabolisable eneray (UME) produe-
tion from the various grassland types. These values indicate
the relative capacity of the grassland 1ypes to support
livestock production. whether by forage conservation or

grazing. These estimates are used in the economic
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Class of plant community. flood regime requirements and grassland productivity

381

Class” (and Tier reference)

Winter flooding regime
October—February

Summer Aooding regime
March-September®

Relative dry
maltter yield

Relative utilisable
metabolisuble energy

Species-rich communities MG/ 5/
TC/8/M22/24 (Tier 3 target)

Inundation grassland MG13/0OV2§
(Tier 4 wishlund)

Swamps dominated by grasses/
sedges $5/6/7/22 (Tier 3 tendency)”
but limited information for these
communities

Agriculturally improved MG6/7

Wet grassland MGY/10 (may
previously been improved then

Periodic flooding -2
week duration

Tolerant to extended
periads of flooding

Tolerant to extended
periods of flooding

Periodic flooding 1-2-
week duration

Periodic flooding 1-2-
week duration

MG4 rarely inundated in summer

MGS3 rarely inundated throughout
the year

MGTC/8 constant water table
between 20 and 50cm depth
M22/24 soils wet/moist throughout

vear

Will tolerate splash tlooding in
March and April

Tolerant to water table to the soil
surface

Rarely flooded

Occasionally Aooded always moist
soils. main species that develop are
dominated by Deschampsia cespitosa

0.25-0.61

0.47

0.95

0.63

0.19-0.4

0.45

0.37

abandoned) (as per Tier 2)

(Tufted hair grass) and Juncus
effusus (Soft rush) which are
unpalatable

“Based upon the British National Vegetation Classification. see footnote )

"Dry matter yields are unknown for these communities, Some species such as Glyceria maxima. Reed swamp grass (which is unlikely to deyelop on the
peat soils of the Somerset level) can provide very produclive grazing. Relative dry matier yield 0.94-1.71. Based on figures [rom Westlake (1966).
“Difference in summer fooding period between flood scenarios and vegetation requirements, DM and UME data based on figures from Tallowin and

Jefferson (1499),

analysis of grassland systems under different flood storage
oprons.

Fig. | illustrates two main points. First, water regime
requirements and tolerances vary between species and
habitats through the year. For example, although flooding
and water logging in winter suit visiting wildfowl, excessive
flooding in spring is detrimental to breeding waders.
invertebrates. small mammals and some plant species.
Second, it is possible to manage walter tables during the
vear (for example, along the ranges shown by the gap in the
diagram) in order to deliver multiple environmental and
farming objectives. This is the essence of water level
management. i

4. lmpacts of washland creation on farming

Flood defence for agriculture, as for most land-engaging
activities, refers to acceptable levels of flooding above and
below the surface of the ground. Acceptable levels of
flooding depend on the types of farming activities and
practices. Generally, the more intensive is the system of
production. the greater the need is for flood defence and
land drainage, where the latter involves the evacuation of
excess water and the control of field water levels to support
commercial farming. Arable systems. involving cereal,

protein. vegetable and rool crops, arc more sensitive to
waterlogging and flooding than grassland systems. which
can tolerate wetter conditions, especially in winter. In somc
floodplain and adjacent lowland arcas, such as the Fens of
East Anglia, flood defence and land drainage works carried
out over many years. financed by a mixture of public and
private funds, support some of the most intensive arable
farming systems in the UK. In floodplain areas where
standards of flood protection and land drainage are
relatively low, most land is down to grassland, supporting
an agricultural economy based on dairy. cattle and sheep
production. The greater the incidence of flooding and
waterlogging, the less intensive is the livestock system. with
summer grazing ol wetgrass being the most extensive form.

In the Somerset Levels and Moors, the floodplain areas
correspond closely to the ESA. The voluntary scheme pays
farmers annual amounts in return for the adoption of
agreed prescribed practices, which are classified in ‘ters” of
compliance (Table 2). Designated in 1987. it now covers
over 29.000 ha, of which almost 18.000 (60% of the total
cligible area) are subject to a total of over 1000
agreements.” Farmers receive annual payments of about

*From 2005 ESAs have been replaced by Environmental Stewardship
(ES). Current agreement holders will continue to receive payments under
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Table 2

ESA pavments: Somersel levels and moars

Anrdal payment
rate (2001-2004) £

Tiers and supplemcnts

hat

Tier | permanent grisslynd L1235

Trer LA extensive perinanent grassland £200

Ther 2 wel permanenl grasslamd £2235

Tier 3 permancnt grass rsed water level areas L430

Buller strip supplement ELH) haequivalent
All weur pennimg supplentent on peil soils ES

Rinsed witler level ares supplement tan

Puhlic aeeess Lier £174)

Sowrcer wivw Delmgoviuk.

£125'ha to retmn permanent grassland. and between £200/
ha and £430/ha Lo maintain wet grassland. The higher rate
applies Tor permunently raised field water levels. These
payments represent o muixture of compensation  and
meentive. AL the tme of the study. one arca of concern
was the potential Tor the design of a similar payment
regime for washland creation; flood storage.”

Regional farm busiess data (University of Exeter. 1999,
2000, 2001) for the south west of England. within which the
Somerset Levels and Moors ESA lies. suggests that [arms
within the floodplain and ESA areas tend to be smaller und
less intensive. and therefore generally have lower average
farm incomes than their regional average. Although very
sood agricultural performance is possible. many [arms
operate at lower levels of intensity  than either their
potential or the regional average. Most of the areas arc
used lor grass conservalion and or stock grazing. The latter
mainly involves dry milk cows. beel cattle and sheep. In the
drier areas. over-wintering ol sheep provides a uselul
Inconie source.

The alleviation of flooding mn those dreas worst affected
will reduce damage costs und increase outpul and profit-
ability. other things being equal. Conversely, an inerease in
winter flooding in the newly created washlands would

impose restrictions on farming. which, in the absence of

incentive payments. would reduce the mcome and profit-
ability for farmers. The extent to which this occurs depends
on the deeree of change in flooding and wualerlogging, and
the extent to which existing land use is sensitive 1o this. For
example. increasing the extent of flooding. purticularly in

{foutnaie continged)
this scheme unlil therr agreement expires, They mav then wish 10 transfes
o ES Payments rites under ESare similar to those tound under ESAs.
Similur paymenits o Tier eun be found wder Entry Level Stewardship
(ELS). Tier 2 and 3 pavments under Higher Level Stewardship (HLS),
Additiomal snpplénents also remuin for raised water levels (HLS) and
aevess (HLSH the fatter oy o reduced rate.

"Under the Higher Level ol Environmental Stewardship (Delra. 2003h)
A supplement (oundation grassland supplement) of €85 he s now
avaluble moarens of river Boodpla, currently protected by fload defence
bunks. which are made avaaldble for additonal nundarion by floodwate

the spring. on agriculturally productive grassland would
result in the development ol flood tolerant vegetation such
as rush-pasture, mundation grassland or swamps depend-
mg on the degree ol Nooding. Although these communitics
can provide summer grazing. changes in awricultural
practices will be necessary as o result of the change in
lood water distribution.  Further. flooding depth and
duration has obvious impacts for the tuming ol critical
field operations and access. These apply to arable opera-
tions such as crop establishment and the erassland
management operations such as [orage harvesting and
turnoul dates of grazing anmmals, Disruption and delay will
have un impact on revenues and costs,

The method needed (o assess the linancial und economic
impaets of changes in drainage conditions and flood risk
associated with the adoption of flood storage options is
summarised m Fig, 2 (Morris and Hess. 1987: Dunderdale
and Morris. 19974, b: Penning-Rowsell ¢l al.. 2003). First.
field drainuge conditions should be identified as these
determine the physical productivity of farming activity.
whether for grassland (energy Mjhay or arable crops (U
ha). Energy Irom grass converls into a potential livestock
carrving capacity (lvestock unitg per ha) and, depending
on the tvpe and mix of livestock in the floodplain. inte
financial returns £'ha. Financial returns
production (£/ha) reflect the type and mix of crops in the
Nood plain, Second. therelore. estimates of the Linancial
returns [rom each enterprise are needed (see University of
Exeter, 2001). These arc net of relevant production
expenses (such as seeds, fertibsers. velerinary expenses
and muachinery operating costs). At the time. they ulso
mcluded receipts from government schemes such as the
Integrated Administration and Control System (1ACS)
arca payments and Beel and Sheep Premia (Defra, 2003¢,
2004¢)” and ESA membership. Third. flood damage costs
(£'hwvear), which vary according to flood risk and land
use. will need 1o be identified and deducted from finaneial
returns Lo give an overall estimate of financial performance
(£ 'ha/year) lor each major land use tvpe.

In order (o assess the impact of adopting food storase
options. lwo broad scenarios were identifed for the
assessment ol changes in flood regnmes. which were
distinguished in terms ol their severity and impacts, s
follows:

Damage and recovery seenarios relatively small chuanges
m annual Aood nsk. which may inelude infrequent long
duration events. but not o the desree that results in
changes in agricultural land use. Examples include damage

[rom uarable

TACS puvments have now heen replaced by thesingle furm pavment
anel the sinple payvment scheme, decaupled trom [evels of production, 1o
Eogland. the pavment takes a hybrid approach mvalvine an hisione
clement (99% i 2005) and regtonal eement (%, i 20080 the Yatier
sradually replacing the former over o Toyeur timesgale, I hus heen
sttggested that firmers exclude these payments [ront therr enterprise eross
marain culeulations jnd Farm income. although in realiy this may nil
accur i the immediale Fulure.
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Fig: 2. Approach Lo financial and economic appraisal of washland options.

to the yield of grass or cereals. in some cases requiring
reseeding of grass or winter cereals.

Land use change scenario: significant change in flood risk.
which results in a shift in land use and farming practice. (or
example a shilt from arable o grassland. or from intensive
to extensive grassland.

With respect to damage and recovery. Fig. 3 contains
estimated lood damage costs (2003/03 prices) on improved
graceland according to the duration (in weeks) and depth
(75mm 1o over 750mm) of flooding during the winter
(October-March). Short duration floeding ol about 1 2

weeks in mid winter has little impact, with costs of around
£15/ha. including clean-up costs. Long duration floods of 2
months or so are likely to kill ‘improved” rvegrass varictics
and require reseeding at a cost of about £200/ha. Repeated
relatively short duration flooding would have a similar
impact, Persistent long duration flooding of more than 2
months would encourage a switch to a lower intensity land
use with an estimated cost of about £170/ha to £220/ha.
Fig. 4 shows the impact of flooding on ESA Tier | type
grassland. which 1s subject to limits on fertiligser use (max
75kg N/ha) and hence livestock carrying capacity. Flood
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Fig. 4. Winter flood damage costs (£/ha) on Tier | grassland by duration
and depth of flooding,

costs are proportionately lower than for improved grass,
but the sume principles concerning the duration of flooding
apply.

For arable crops. it is assumed that wanter Jooding of
more than a few days would destroy the crop and require
reseeding with a lower vielding spring cereal. if feasible.
Damage costs could be about £450 to £500/ha.

Figs. 3 and 4 also indicate the value of flood alleviation
relief that might be obtained where there are reductions in
flood risk due to controlled washland flooding elsewhere.

With respect to land use options. standards of flood
defence have a major influence on agricultural practices,
not only as a consequence of surface flooding but also. and
olten more critically. as a consequence of waterlogging of
soils. In many respects, the land uwse in the Parrett
catchment reflects these drainage circumstances. modified
by ESA prescriptions where these apply. A change in flood
risk associated with the adoption of flood storage options
could involve a change in land use. lor example from
intensive to extensive grassland.

A ‘washland package’ was identified comprisimg flood
tolcrant grass species and related grassland management
offering potential advantage over the current Tier 3
arrangements. which require permanent raised water levels.
Financial indicators mclude gross margins (output less
direct costs such as fertiliser and feed), and different

definitions of net margins according o whether semi-fixed
costs are charged (such as some direct labour and
machinery operating costs) or [ull fixed costs (including
full labour costs and depreciation on machinery and
buildings). In the longer term. the net margin is a better
indicator of performance.

By way of example, Table 3 shows the income losses
(excluding ESA pavments) associated with a switch from
Tier | Grassland (the dominant grassland system) and
arable systems to an extensive washland system. For the
overall dairy and livestock mix in the Parrett catchment,
the reduction in gross margin is about £260/ha. and in net
margin (after full fixed costs) about £90/ha. The impact of
a switch [rom cercal-based arable cropping to washland is
also shown,

At present ESA rates (with Tier | at £125/ha), annual
payments for a washland option would probably need o
be about £300/ha/year (in 2001 values) to altract farmer
mterest. An analysis of whole farm budgets for dairy farms
and beefl farms in the catchment showed that & payment of
about £300/ha/year would maintain the viability of these
farms in a washland environment. Site specific environ-
mental enhancements would need to be identified and built
into the washland prescriptions, 1 envisaged that the
washland option would specify grassland management
requirements such as grass sward composition, grazing/
cutting regimes. and zero chemical nitrogen.

An economic analysis of washland creation (MAFF,
1999: Penning-Rowsell et al.. 2003) shows that there
appears 10 be advantage from the viewpoint of the national
cconomy of reducing the intensity of farm production in
washland areas of the Levels and Moors. That is. some
types ol [larming are unprofitable in the absence of
subsidies paid per ha of crop or head of livestock. As a
consequence the nation is “better off” if these hidden losses
are avoided, although there are important implications. at
least in the short term, for local incomes and economy.®

Furthermore. it can be argued that agri-environment
payments to larmers associated with reduced intensifica-
tion and environmental prolection are indicative of
sociely’s willingness to pay for environmental goods and
services. Registering these as a benefit of washland
development increases the economic value of the washland
option. Given the opportunily to achieve economic and
environmental benefits through washland creation. and
through targeted support to help sustain incomes to the
farming community, it would appear in the public interest
to redirect funding, both from agricultural support and
flood defence for agriculture. into flood storage and
washland creation. The introduction of the single payment
scheme and an inundation grassland supplement in higher

In this situalion, decoupling support to farm incomes from commeodity
prices is a more economically efficient way of supporting the rural
economy than supporting commodity prices. Many [armers in the area
reportedly reduced stock numbers following the introduction of the Single
Payment Regime because they were no longer profitable.
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Table 3

Reduction m the value of financial indicators associated with a switch from Tier 1 type grassland or arable to extensive grazing on washland (excluding

ESA payments, but including area paymenls on arable)

£/hayear reductions 2001 values Dairy Beel Beet and sheep “‘Average’ calchment Arable
dairy and livestock

Gross Margin (excl. forage costs)* 410 280 260 350 300

Gross margin (incl. forage costs)” 330 190 170 260 300

Net margin after semi-lixed costs” 215 140 100 170 150

Net margings after full fixed costs® 150) &0 0 90 90

“Forage casts equate to agrochemical and silage/haymaking costs.
"Direct labour and machinery operating costs only,

“Including labour eosts, machinery operating und depreciation, and housing/building costs for stock. Adapled from Farm Business Survey Data [rom

the University ol" Exeter:

level environmental stewardship has initiated this process,
but there exists further potential for more extensive flood
storage and washland creation options.

5. Administrative options for washlands

There are a number of alternative forms of management
and administration for washland creation and operation
(for examples, see English Nature, 2001a). These include
land purchase, casements on flooding, management agree-
ments supported by annual payments and leaseback
partnership arrangements. For the Parrett catchment
study. these were screened against the crileria of ellective-
ness. efficiency. fairness, risks and whether they had a good
chance of meeting the overall objective ol wise use of
floodplains (Table 4). It was shown (Morris et al., 2002)
that the suitability of these options vary according to the
purposes to be achieved, the need to provide long-term
robust solutions, and linked to these, the preferred link
between the farming community and the management of
the land.

All of the aforementioned approaches are potentially
feasible. Land purchase, annual payments and leaseback
have their particular advantages, disadvantages and risks.
and suit the inferest of different groups. Easements may be
appropriate to accommodate modest increases in flood
risk, but probably not for regular deep flooding and where
there is a wish to achieve environmental enhancement.

The diversity of circumstance and practice within flood-
plain areas suggests that a diversity of approaches to
washland administrative arrangements will be needed. A
mosaic of land tenure arrangements may be acceptable
provided this can deliver the scale, integration and
reliability of service required.

Further, institutional and administrative arrangements
for Aood storage and washland creation should reflect the
land management and funding mechanisms. Given the
multiple objectives (o be served and organisations involved
in land management and flood defence. a multi-agency
approach is required to promote washlands as a [uture
Dption for floodplain management. In the UK, the flood
storage facility could be managed by the Environment

Agency in collaboration with Defra and locally adminis-
tered Internal Drainage Boards. Statutory and voluntary
conservation organisations collaborating with land man-
agers could help manage habitats. I it was decided to
progress washland creation through an annual payment
regime, it would make sense to administer this through
existing mechanisms such as those operated by Defra or
Natural England.

Finally, in addition to the possibility of land purchase.
easement costs and/or annual payment, a meaningful
estimate ol costs needs to include design, supervision,
engineering works, and operation and maintenance costs
for the washland. These costs. reflecting the capital and
operating costs of ‘engineering’ washland projects, are very
site specific and will vary according to flood characteristics
and impacts. However, it is likely they will replace some
costs currently committed to conventional flood defence.

6. Conclusion

Creating facilities in the foodplain ol a river catchment,
which will store water and create washland, and which will
potentially meet all or some of the multiple objectives of
flood and water resources management, environmental
enhancement, and support the rural farming community, is
feasible. However, there is both synergy and conflict of
interest in washlands amongst flood storage. environment
and farming objectives. Different sites are likely to have
different priorities and management systems. Accordingly.
prescriptions for flood facilities, environmental and farm-
ing managemen! will require local definition.

Further. the storage of winter loodwater and washland
creation on farmland will resull in income losses to
farmers, and would mean a switch from arable to grass,
and [rom improved grassland Lo extensive systems. The
extent of loss of net income (revenues less costs) associated
with a switch in cropping and extensification will depend
on whether [armers can achieve savings in costs to olfset
reductions in revenues,

Set against this, is the scope to design a washland flood
storage package, involving land purchase, easement,
annual payments, or parinership/leasebuck., Given the
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Admmistrative options for washlands

Option

Strengths

Weaknesses

Land purchase and
triansfer of
awnership to
authority or trust

Easement: one-off
paviment to
compensate future

liood risk

Annual payments to
compensate {or
income loss and/or
environmental
enhancement

Lease-back: transfer
of ownership or
contral 1o authority
or trust with
lenancies Lo
m’f_‘ViﬂUR OWNErs

Grood chance of
delivering flood storage
and environmental
abjectives

Efficient up-front funding

Funded under capital
budpets

Provide exit route for
same farmers

Focus on flood defence
aspects

Suited to compensating
risk ol infrequent Nood
events

Attractive Lo flood
defence agency: one-off
capital payment

Patential to deliver range

of objeetives: soeial.
economic and
environmental

Maintain farmer and
community hinks with
land

Farmer familiarity with
payment mechanism

Integrate with ESA
scheme

Cun be adjusted over time

according to objectives/
circumstances

Ability to focus on
scheme objectives

Purtnership approach

Farmers/community
engaged in
implementation

Diverse ‘partner” funding
sources

Risk of reduced ties
Lo frming
community

Problems ol
attracting and
negotialing tenants
Difficult to arrange
purchases in large
hlocks

Relies on voluntary
participation, unless
made compulsory

Less suited to
significant changes
in fload risk

Less suited to
delivering
environmental
enhancement

Inflate lund prices,
eneourage
subletting

Mixed success of
ESA schemes

Participation
dependent on
‘incentives’

Expensive,
dependent on
‘revenue’ budgets

Create dependency

Admimstratvely
and legally
complicated to
establish

Reluctance Lo
transfer ussets, until
scheme proven

Requires clear
community of
interest amongst
purticipants

diversity ol circumstance and practice across the UK, a
range ol approaches 10 washland tenure arrangements is
suggested. provided this can deliver the scale, integration
and reliability of service required. Payments should reflect
the different levels of risk. Where the owner maintaing
occupation, payments should also reflect the (iming,
duration and depth of flooding during the season.

At present, however. there may be a number of barriers
to the adoption of washland options by farmers, especially
relating to the viability and practicality of ‘new” washland
farming practices: the péreeived adequacy and predict-
ability of existing agri-environment payments, and insuffi-
cient targeting for flood storage and washland options; and
concern about the potential irreversibility of wetland
creation from an agricultural perspective.

It is important that ways are found to overcome these
barriers. as at current levels of government support, there
appears to be an economic advantage in moving 10
extensive washland farming systems. Furthermore, given
the potential to achieve additional social. economie and
environmental benefit, it would appear in the public
interest to redirect funding into flood storage and washland
creation as part of an integrated and sustainable approach
to flood management. The current reappraisal of agricul-
tural and rural policy objectives and options provides
astounding opportunities to do this,
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